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FOREWORD 


This refrigeration system selection report was prepared in preliminary 
form at the conclusion of an eight month systems study which extended from 
December 1 969 through July 1970. This final version of the report has been 
restructured, but is essentially the same in content as the preliminary form. 

In August 1970 NASA-MSC directed that VMSC work under this contract, 
which was scheduled to proceed into preliminary design of the recommended 
system, be put in a hold period. This action was taken to permit development 
of overall NASA planning for missions/vehicles for which a preliminary design 
could be prepared. Studies of large 60 man earth orbit space bases prominent at 
the start of this work were subsequently scaled down to separate space stations 
with diameters of 33 ft, 22 ft, and eventually 15 ft modular components carried 
to orbit in the shuttle cargo bay. Modular space stations, experiment modules, 
and the shuttle orbit er which all possess limited radiator area now appear as 
the most likely vehicles for which a preliminary design of a refrigeration system 
could be made. The mechanical vapor compression system recommended herein could 
be particularly beneficial for use on the emerging space shuttle orbiter during 
ferry flights, pre-launch operations, orbital mission phases, flyback, and post 
landing operation. 

The primary influencing factor on application of the vapor compression 
system is the electrical power penalty allocated to the system as is discussed, 
and analyzed parametrically herein. In retrospect, the lowest power penalty applied 
herein of 300 lb/kw e may be somewhat high for the 7 Jay shuttle mission where 
reserve capacity of the fuel cell power plants is used intermittent! y. New 
guidelines are presently being formulated as well on the fail operational, fail 
operational, fail safe requirements of the power system which can affect power 
penalties. In addition, the original cost assumptions made for the overall 
effectiveness trade studies of five competing refrigeration systems appear to 
have been significantly low, but it is believed that the overall conclusions and 
recommendations drawn Ik months ago remain valid. 
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1.0 


SUMMARY 


The purpose of this study was to evaluate the various refrigera- 
tion machines which could be used to provide heat rejection in Environmental 
Control Systems (ECS) for lunar surface and spacecraft applications, and 
to select: (l) the best refrigeration machine for satisfying each individual 

application, and (2) the best refrigeration machine for satisfying all of 
the applications. Conventional single phase pumped fluid radiators were con- 
sidered in the evaluation as a baseline only: the purpose of the study was 

to select the best refrigeration system and not to choose between conventional 
radiators and refrigerated heat rejection systems for the specific applica- 
tions . 


and 


The refrigeration machines considered in the study included: 

(1) Vapor compression cycle (work-driven) 

(2) Vapor adsorption cycle (heat-driven) 

(3) Vapor absorption cycle (heat-driven) 

( 4 ) Thermoelectri c ( electrically-driven ) 

(5) Gas cycle (both reversed Brayton and reversed Stirling 
cycles ) (work driven) 

(6) Steam-Jet (heat-driven) 


Various working fluids were considered for each type of refrigeration 
machine, and a selection of working fluids was made for each machine. 

A preliminary screening of the types of refrigeration machines was also 
made, resulting in the following specific refrigeration machines and 
working fluids being considered in the trade study: 

(1) Vapor compression using Refrigerant 12 or 22, depending on 
system size 

(2) Vapor absorption with Refrigerant 22 (R22) and Dimethyl 
Ether of Tetraethylene Glycol (E-l8l) as working fluids 

(3) Vapor absorption with Lithium Bromide (LiBr) and water 
as working fluids 

(4) Vapor absorption with LiBr/H20 working fluids and a tur- 
bine/compressor to recover work from the absorbent flow 
stream 

(5) Vapor adsorption using water as the refrigerant and type 
13X zeolite as the solid adsorbent 

(6) Conventional radiator with R21 coolant (included for 
comparative purposes only) 


A computer routine. was written which calculates performance of 
the candidate refrigeration machines under various operating conditions. 

The optimum weight system for each -of the candidate machines in each 
application can be found with this computer routine. The computer rou- 
tine determines a specific weight for each machine which includes power 
penalty, required radiator area penalty, and thermal energy source penalty. 
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The significant operating parameters are the effective environment heat 
sink temperature and the required evaporator temperature. 

An Effectiveness Function was used in the refrigeration machine 
selection. The Effectiveness Function considers not only the optimum 
refrigeration system weight, but also the system volume penalty, main- 
tenance requirements, redundancy requirements, technical risk, and 
development and fabrication costs. The Effectiveness Function relates 
these items through trade factors which are dependent on the mission 
(e.g., launch cost in dollars per pound, crewman time cost in dollars 
per hour, etc.), and accountable factors which are dependent on the 
particular refrigeration system (e.g., system weight in pounds, required 
crewman maintenance in hours, etc.). Both of these factors were esti- 
mated for the -n^rt generation of spacecraft, and for the spe<clfic refrig- 
eration system^. 

The selected refrigeration system for each mission considered 
is given below: 

Mission 


Earth Orbit 
Lunar Orbit 
Lunar Surface Base 


Lunar Surface EVA 
Transmarti an 


(q ) 

Space Shuttle 07 

*Notes 

(1) The conventional radiator system is superior to vapor com- 
pression unless the sink temperature is high or there is a severe shortage 
of available radiator area. 

(2) Vapor compression is a strong third. 

(.3) Only the orbital portion of the shuttle mission was considered, 
although the refrigeration system may well be more competitive when con- 
sidered for all mission phases. 

(4) For the assumed area limited situation, the vapor compression 
system was superior to a conventional integral radiator (even on a specific 
weight basis), but was inferior to a deployed conventional radiator system. 


Refrigeration System 

(l)* 

Vapor Compression 


Vapor Compression 


(1) 


Vapor Adsorption 

Vapor Absorption, LiBr/l^O 

with a turbine /compress or 

Vapor Compression 

( 2 ) 

Vapor Adsorption 

Vapor Absorption, LiBr/H20 

with a turbine/compressor 

(4 ) 

Vapor Compression 
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The recommended order for development of the various types of re- 
frigeration machines is : 

(1) Vapor compression because it is the superior system in near- 
term applications (space shuttle and space station), it is applicable to all 
missions, and it is the superior system in the greater number of applications. 

(2) Water adsorption in zeolite, because it provides a lightweight 
system in hot environments, it is insensitive to radiator (condenser) coatings 
degradation (because of the 200°F operating temperature), it eliminates 
technical problems in zero-gravity refrigerant/absorbent separation common to 
most heat-driven refrigeration machines, and it provides a completely independent 
approach should, any problems develop in application of the vapor compression 
refrigeration machine. 

(3) Freon absorption using R-22 and E-l8l as working fluids. This 
system has the advantage that it utilizes low-grade waste heat. This refri- 
geration machine has the disadvantage that it requires zero-gravity liquid/gas 
separation, and it has limited applicability. 

(k) Water absorption using LiBr/H^O .working fluids with a turbine/ 
compressor to recover energy from the absorbent flow. This is the lightest 
weight system for a hot environment, however, it involves great development 
costs and high technical risk. 
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INTRODUCTION 


Refrigeration systems for manned and unmanned spacecraft have not 
been used to date for rejecting vehicle ECS loads because of the convenient 
availability of a low temperature sink for heat rejection by radiation from a 
conventional pumped fluid radiator system. The low effective sink temperature 
is achieved by the use of radiator coatings with controlled spectral properties. 
However, with increasing time in the space environment, the properties of the 
coatings tend to degrade^, thus increasing the effective .sink temperature and re- 
ducing the heat rejection capacity of the radiator system. In currently 
operational manned spacecraft, coating degradation has not been a signifi- 
cant problem because of the relatively short mission durations and the 
availability of relatively large areas on the vehicle exterior which could 
be used for radiator panels. 

The designers of the next generation of spacecraft will, in most 
instances, have difficulty in obtaining sufficient integral radiator area 
on the vehicle exterior because the heat rejection requirement of a manned 
spacecraft tends to grow linearly with the vehicle volume, which 
grows faster than the vehicle exterior, and because more of the available 
exterior area will be required for experiments, access doors for mainten- 
ance and repair, viewing ports, and docking facilities for other spacecraft. 
Furthermore, the presence of supporting equipment (such as solar cells, solar 
absorbers, experiments) and docked vehicles tends to significantly increase 
the effective sink temperature and thus to reduce the heat rejection per 
unit of radiator surface area. Thus, designers of future spacecraft will 
probably be faced with the choice of using deployed radiators (to increase 
area and to reduce the equivalent heat sink temperature) , or of using a refrig^ 
eration system to increase the heat rejection temperature of the radiator. 

The purpose of this study is to select the best refrigeration system 
for use in advanced spacecraft from the wide variety of mechanically, ther- 
mally, and electrically driven systems which are available. The selection 
must be made in the context of the space application, which places a premium 
on weight, volume, power requirements, reliability, and, more recently, on 
recurring cost. For long-duration spacecraft, maintainability and spare parts 
requirements are also significant and must be considered. Lastly, the develop- 
ment cost and technical risk of the system must be considered. 

Seven unique future missions are identified in the study, and assump- 
tions about the state of space technology in the future time frame were 
made. It was assumed that large space stations were operational in the time 
frame of reference, along with reuseable shuttle systems from the earth’s 
surface to earth orbit, and from earth orbit to lunar orbit (See Figure 2-1, 
and References [l] and [2]). 

Potential refrigeration machines were identified, and after a pre- 
liminary analysis, were screened to five candidate machines. A computer 
routine was prepared to optimize each of the candidate refrigeration machines 
for the selected missions. An effectiveness function which considers all 
significant parameters was then used to determine the most effacacious 
refrigeration machine for each mission. A recommendation of the best 
refrigeration machine for development was made based on the results of the 
selection for the various missions. 


U* 
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FIGURE ;&HL INTEGRATED SPACE PROGRAM 1970-1990 






3.0 


REFRIGERATION SYSTEM SELECTION CRITERIA 


This section discusses the missions on which a spacecraft refrigera- 
tion system might he required, design requirements, system integration factors 
which affect selection, and selection criteria. 

3 .1 Missions 

There are some potential missions on which refrigeration systems 
could he beneficial. In general, these include: 

(1) Orbital missions involving large vehicles operating in close 
proximity to each other, so that the "effective" radiation sink temperature 
is increased. 

(2) Missions involving vehicles with large internal heat loads 
relative to the surface area available for use as radiators. 

(3) Missions involving long-term, or repetitive use of a vehicle 
such. that a long-term degradation of radiator surface optical properties 
results in a high "effective" radiative sink temperature. 

(U) Lunar surface missions of more than one month duration, so 
that the hot lunar "noon" must be endured. 

(5) Planetary missions which involve flight trajectories which 
involve solar distances of less than one A.U. (the "opposition" Mars mission 
is an example of. this). 


The use of refrigeration systems on the above missions is obviously 
not the only solution which would be available, but it is one alternative. 

The primary purpose of 'this study is to identify the type of refrigera- 
tion system which is the leading candidate for use in an advanced spacecraft. 
Since there are no firm committments for future spacecraft development at 
this time, several possible missions were considered in this study. 


(1) 

Earth 

Orbit 

(2) 

Lunar 

Orbit 

(3) 

Lunar 

Surface Base 

(U) 

Lunar 

Surface EVA 

(5) 

Mars Exploration 



3.2 


Design Requirements 


In order to establish the range of operating conditions, and other 
significant characteristics of future manned spacecraft, a literature review 
was conducted. Tables 3-1 and 3-2 present the results of this review (based 
on data from References [l] - [ 7 ] and the contract statement of work [SOW]). 

Some of the parameters in Table 3-1 have wide ranges of values by virtue of 
definition in the SOW. ‘ The evaporator temperature range is more likely to 
be 35 to k 5 °F than the specified 0 to 65°F. The effective environmental 
sink temperature lower limit of -78°F is the maximum value which will occur 
in the most favorable radiator orientation (i.e., always facing away from 
the sun) in a 270 n.m. orbit (Reference [8]). The upper limit of +100°F is 
based on an upward facing radiator in the bottom of a shallow crater on the 
lunar surface at lunar noon; the radiator optical properties are 6 = 0.9 and 
o<= 0.3. In the evaluation of the candidate refrigeration systems, -the specific 
environments for each of the baseline missions are considered. The radiator 
area penalty is varied parametrically from 0.1 lb/ft 2 to 2.0 lb/ft 2 for each 
mission. However, in the selection of refrigeration systems radiator weights 
which are reasonable for the particular application are accorded the most 
significance. The range of values is considered to demonstrate the impact 
of radiator weight on refrigeration system selection. The range of power 
penalties of 300 lb/kw e to 700 lb/kw e was specified in the SOW, and this 
represents a reasonable range of values to be expected in the immediate 
future. These values reflect a fail-operational, fail-operational, fail- 
safe reliability criteria. The SOW specified that it was to be assumed that there 
is no waste heat penally. The upper limit of 100 lb/kwt was based on an estimate 
of the maximum weight of interface equipment necessary to deliver the waste heat 
to the refrigeration sysbem. Vehicle heat load varies from 3500 BTU/hr for a 
lunar surface EVA to 150,000 BTU/hr for a large space base. Heat load ranges 
were selected for each particular mission to demonstrate the effect of heat 
load on system selection. 

Table 3-2 lists the baseline missions considered in the study, and the 
specific parameters used in refrigeration system sizing for each mission. The 
basis for the parameters such as heat load, environment sink temperature, power 
penalty, etc. is given in Appendix B. 

3.3 Vehicle Integration 

Integration of the heat rejection system into the vehicle can have a 
significant impact on refrigeration system selection. The ground rules for 
safety, reliability, maintenance, etc. can also have a strong influence on 
system selection. 


For example, systems currently under development, such as the space 
shuttle, have a fail-operational, fail-operational, fail-safe reliability 
criteria for the power system, while the heat rejection system has a fail- 
operational, fail-safe reliability criteria. Thus. a refrigeration system 
which consumed large amounts of power would be more favorable if it used a 
dedicated power system rather than the primary system power supply, because of 
the difference in reliability criteria. Decisions on use of a dedicated power 
supply would have to be made by the program management on each specific vehicle 
as it is developed. 
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TABLE 3-1 

EXPECTED RANGE OF OPERATING CONDITIONS 
FOR REFRIGERATION SYSTEMS 


Parameter 

Expected Range 

Evaporator 

Temperature 

0°F to 65 °f 

Effective Environmental 
Sink Temperature 

-78 °F to + 100°F 

Radiator Area 
Penalty 

0.1 to 2.0 UB/FT 2 

Electrical Power 
Penalty 

300 to 700 LB/KW e 

Waste Heat 
Penalty 

0 LB/KW t 

Available Waste Heat 
Temperature 

300 to 1*00°F 

Vehicle Heat Load 

3,500 to 150,000 BTU/HR 
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BASELINE MISSION DEFINITION 
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*Apollo Portable Life Support System 



In earth orbit the' power penalty for sun-side operation is much lower 
for solar cell power systems than for full orbit operation. This is because 
batteries are used to store energy produced on the sun-side of the orbit for 
use on the dark-side. The battery storage represents a significant portion 
of the power penalty for solar power systems. It would be possible to design 
a refrigeration system to cool down the structure of the vehicle on the sun- 
side and to absorb heat on the dark-side of the orbit. Flight experience with 
Apollo suggests that is a plausible approach. Fusible heat sink devices could 
be applied to this same concept. A similar concept would be to use a refrigera- 
tion system (with its large power demand) on the sun-side of the orbit (where 
power is available at a low cost), and to use a radiator system (with its low 
power requirement) on the dark side of the orbit (where the effective sink 
temperature is low and power cost is high). The power penalty for complete 
orbit operation for solar cells is in the range of 300-350 lb/Kw e at a minimum, 
while the power penalty for sun-side only operation is in the range of 125-150 
lb/Kw^ . 

All of the above concepts for reducing power penalty are vehicle or per- 
haps even mission oriented, and are difficult to consider in a general evalua- 
tion of refrigeration systems for use on future spacecraft. 

System integration factors may also have an impact on the radiator 
area penalty. If the spacecraft has a meteoroid shield, the radiator can be 
integrated with the meteoroid shield at the cost of only the tubes which are 
welded to the shield plus the associated headers, return lines, valves, etc. 

For a conventional single-phase pumped fluid system using a halocarbon (e.g. 
Refrigerant 21) as the coolant fluid, the required tube diameters are very small 
(about 1/8 inch in diameter) so that the radiator area weight penalty may be 
as low as 0.1 lb/ft^. In another case where there is limited external area 
available for use as radiator surface, then deployed radiator panels would be- 
required. The space shuttle orbiter is a candidate fgr this type of system. 

The radiator weight penalty may be as much as 2 Ib/fz in such a case. 

The availability of vehicle external area for use as radiator surface 
is obviously very highly dependent upon the individual spacecraft and on the 
vehicle heat rejection requirements. Refrigeration systems offer another 
dimension in heat rejection rsystem selection since the required radiator area 
can be reduced at the expense of power penalty. 

The use of waste heat to drive an absorption refrigeration machine offers 
some interesting system integration possibilities. Waste heat used to drive 
the absorption refrigeration machine reduces the amount of heat which must be 
rejected through the power system radiators. However, for this to result in a 
savings in power system radiator size and weight, the refrigeration system would 
have to accept a fixed amount of waste heat from the power system at all times: 
This is probably not a particularly stringent demand for an absorption refrigera- 
tion machine, however, this might necessitate a change in the reliability 
criteria for the refrigeration system heat rejection equipment from the life 
support system level (fail-operational, fail-safe) to the power system level 
(fail-operational, fail-operational, fail safe). 

Any discrepancy between the temperature level required to drive the 
refrigeration system and the optimum heat rejection level of the power system 
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would result in a penalty to the power system. The optimum heat rejection 
temperature for a Brayton Cycle Nuclear Power System would he about 275°F 
as compared to the availability range of 300-U00°F given in the SOW. The 
optimum temperature required for driving the refrigeration system would be 
in the range of 350°F-600°F . 

Integration of a refrigeration system into a spacecraft has an 
interesting effect on the required radiator area. For a work -driven machine, 
the coefficient of performance (COP) is 

COP = heat load (qL)/work input (w) 

The required heat rejection is then 


qr = q L + w 


and, substituting COP for w from the above equation for COP, 


qr = qL + SL- 
OOP 


(1 + 



For a mechanical vapor compression machine, the COP may be much larger than 
unity; in most instances for spacecraft it will be 3 or 4 as discussed in the 
Appendices. Thus, the amount of heat to be rejected is 25%~30% greater 
for the refrigeration system than for a single-phase fluid radiator. However, 
the heat rejection temperature is much higher. In a typical case a refrigera- 
tion system with a COP of 3 and a heat rejection temperature of 110°F operating 
in a 0°F heat sink environment would yield a heat rejection per unit radiator 
area of 

qr^* = O’ € [T r 4 - T s 4 ] = (0.173 x 10 -8 ) (0.9) [(570) U - (H6o) 4 ] 
qr^A= 95 BTU/hr ft 2 
<ir = 1L (1 + |op } = d + f) = 1*33 q L 
•• q -L'^A = 9 ' 1 ft2 . = 71 BTU/hr ft 2 


For the pumped fluid system with an average radiating temperature of 
65 °F, which would correspond to a radiator inlet temperature of around 90 °F 
and a radiator outlet temperature of U0°F, the heat rejection per unit area 
would be 

ar. = <il =<r 6 (T r 4 - t s 4 ) 

V t|A 

QL - (0.173 x 10 -8 ) (0.9) [ ( 5 25)^ - (b 60 ) k ] 

¥ 

= bQ BTU/hr ft 2 

¥ 


*l|A is 


radiator fin effectiveness times radiator area 
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Thus the pumped fluid radiator system would require about 50$ more radiator 
area than would the mechanical vapor compression refrigeration system. 

For a heat-driven refrigeration machine the situation is somewhat 
different. The system COP is 

COP = heat load Cq-^) 

heat supplied (qjj) 

The required heat rejection is 

qr = q L + q H 

substituting from the equation for COP for q^ 

« r = 1 L + = q L (1 + "C5P ) 

COP 


For absorption refrigeration machines, the COP is normally around 1/2 
(though it can be higher ; the best commercial units have a COP of about 0.7). 
Thus the heat rejection for an absorption unit is: 

qr = q L (1 + jfe) = 3q L 


This indicates that an absorption unit operating with a heat rejection 
temperature of 110°F would need to reject about 2.25 times as much heat 
as the vapor compression system, as indicated below 


(qr) 


abs 


(qr) 


V.C. 


3q L = 2.25 

1.33 q L 


Thus the absorption system requires 2.25 times as much radiator area as the 
vapor compression system. In order to reduce the radiator area requirement 
to the same level as the mechanical vapor compression system, the heat rejec- 
tion per unit area would have to be 



= 2.25 (95) = 215 BTU/hr ft 2 


The required radiating temperature would be approximately 205°F. Of course, 
increasing the condenser temperature to this level would have the effect of 
reducing the COP, so an even higher temperature would be required. 


The above gives an example of the types of system integration consider' 
ations which are difficult to evaluate in a general study, but which could 
have a profound influence on a specific system selection study. 
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3 ^ 


Selection Criteria 


The purpose of this study is to identify the order of priority which 
should he attached to development of candidate refrigeration systems for 
potential application in unspecified future spacecraft. The approach taken is 
to rank the systems according to desirability for various types of systems for 
potential future missions which can be identified (as given in Table 3-2). 

These rankings can then be evaluated to identify the single system which is most 
suitable for early development. This selection is based on applicability to 
the various missions, flexibility, and cost. Applicability to the early 
vehicles , and the probability that the vehicle will actually be developed are 
significant parameters in the overall evaluation. 

Table 3-3 lists the parameters which are considered in the refrigera- 
tion system ranking. An attempt was made. to quantify these factors to arrive at 
a realistic ranking of the candidate systems (which are described in Section 
4.0). Appendix A presents the effectiveness function which was used to rank 
the competing systems. Appendix B presents the application of the effective- 
ness function to the refrigeration system comparison, and also presents the 
supporting data used in the quantifying of the trade parameters. In Appendix 
B, an attempt is made to convert all trade parameters to a common basis:' in 
this case 1970 dollars were the common base. This allows competing systems 
to be compared on a single basis. (The basis is dollars above a common base, 
not absolute dollars. This is explained in Appendix B. ) 

Aside from the inherent difficulties in quantifying some of the 
parameters, there is also the problem that dollars in one year are not 
really interchangeable with dollars in another year. This is because 
Federal Agercies work from budgets that are established on a year-to-year 
basis by an external force and the allocated funding level cannot be 
exceeded in a given fiscal year, and must be . spent within that year (however, 
there is some slack in this part of the system). The result is that large 
peaks are not tolerated (except in very unusual circumstances) and large 
valleys are not allowed to occur. For example, this policy hinders the 
spending of large amounts of development money in one time period^ to vastly 
reduce recurring costs in the future. Thus, dollars in one year are not di- 
rectly tradeable with dollars in a future year. (it should be realized that 
this problem impacts the trade factors in the effectiveness function even if 
some basis other than dollars were used. This is because the problem is 
inherent in trading development costs and recurring costs, and is not related 
to the way in which the trade is made). 

After the ranking of systems for each mission is complete, then the 
ranking for immediate development priority is made. This ranking takes 
into account subjective factors such as flexibility, applicability to near- 
tern programs, and applicability to all missions. 
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TABLE 3-3 

SELECTION CRITERIA 


Factor 

Degree of 
Difficulty in 
Quantitizinq 

Comments 

Weight 

Straight Forward 

Traditionally used in industry, sometimes as the only 
selection criteria (in well developed technology, weight 
usually reflects other parameters such as cost and volume). 
In aerospace, weight becomes less important as launch system 
capability improves. 

Volume 

Straight Forward 

Importance depends on the launch system; for systems with 
characteristical ly high packaging, densi ty and volume can 
be considered to be reflected by weight. However, when 
widely different systems are competing, volume must be 
considered. 

Development Cost 

Difficult 

Usually becomes more important as a particular technology 
matures. Capital availability is a significant factor in 
establishing significance on a particular program. 

Recurring Cost 

Difficult 

Usually becomes more important as number of units to be 
produced increases; significance is related to current and 
future capital availability. 

Maintainability and 
Repairabil ity 

Very Difficult 

Becomes more important as life of system increases. 

Reliability 

Very Difficult 

Becomes less significant as technology matures. Systems 
become more redundant and repairable, so failures can be 
tolerated. 

Redundancy and 
Spares 

Very Difficult 

Redundancy is required with long life systems because cost 
factors tend to result in lower component reliability. 

Spares requirement can have strong impact on system volume and 
weight. _ _ _ _ . _ . 

Technical Risk 

Very Difficult 

High technical risk becomes less acceptable as technology 
matures because dramatic breakthroughs are not required to 
achieve mission objectives, and development costs 
become more significant (since available capital can be 
used profitably to exploit current proqrams.) 

System Integration 

Very Difficult 

\ As technology matures the trend is toward modular components 
which can be easily integrated into any system. System 
integration is important (and expensive) when vehicle 
capabilities are limited, and missions are ot the "one-shot" 
variety. Subsystems developed for general future use should 
not be dependent on use of another particular type of sub- 
system (e.g. a specific type of power system). 

FI ex i bi 1 ity 

Subjective 

Very important when system is not developed for a specific 
application. Can be a significant factor in reducing costs 
as technology matures (since it can reduce both development 
and recurring costs). 

Availability 

Subjective 

Can significantly reduce development and recurring costs of 
a vehicle if subsystems which are available can be used. 
Reduces technical risk in subsystem development if similar 
components exist. 













4.0 


CANDIDATE SYSTEMS 


This section presents the various types of refrigeration systems 
which could he used in spacecraft, the preliminary screening of the systems, 
and a description of the systems selected for detailed evaluation. 

4.1 Types of Refrigeration Systems 

Table 4-1 presents the various refrigeration processes which were 
considered in this study. Mechanical vapor compression is the most widely 
used of all refrigeration processes, and is now encountered almost daily in 
the life of most Americans in the form of air conditioning or food preserva- 
tion. Vapor absorption processes Comprise the bulk of the remaining refrigera- 
tion equipment now in service. Other processes are either commercially non- 
competitive, or have special applications such as the use of tlie reversed 
Brayton Cycle for aircraft cooling (mechanical vapor compression is also 
used in this service), or the Stirling Cycle to provide cryogenic cooling. 
Thermoelectric systems are used primarily in military electronics cooling. 

These refrigeration processes are discussed and analyzed in some detail in 
preliminary reports submitted in this work (References [ 9 ] - [ll]). Table 4-1 
presents some of the conclusions drawn in those reports. 

4.2 Candidate Refrigeration Systems 

The refrigeration systems selected for detailed consideration are 
(from Table 4-1 ): 

(1) Mechanical vapor compression using a halocarbon as the 
refrigerant . 

(2) Vapor absorption using R22 as the refrigerant and El8l as the 
absorbent . 

(3) Vapor absorption using water as the refrigerant and lithium 
bromide (LiBr) as the absorbent. 

(4) Vapor absorption using water/LiBr, and augmented by a turbine/ 
compressor (this system is described in Section 4.3.2). 

( 5 ) Vapor adsorption using water as the refrigerant and synthetic 
zeolite as the adsorbent. 

Reasons for the selection of these systems (drawn from the advantages and 
disadvantages indicated on Table 4-1) are as follows: 

(1) Mechanical vapor compression was chosen because it is the most 
widely used system in terrestrial applications, it has a characteristically 
high COP, it is compact, and it is relatively simple to control. The large 
power requirement is the only severe drawback. 

(2) Vapor absorption systems offer the advantage that they require 
very little shaft work, and are primarily driven by low grade energy in 
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the form of .heat. This feature is potentially attractive for integration 
with nuclear power sources through utilization of waste heat. There were three 
sets of fluids chosen for evaluation: R22/E181 offers good performance with 

fluids which are suitable for use in regions of the spacecraft, which do not 
always have close thermal control; LiBr/water offers excellent performance, 
however, the water may have to he protected from freezing, and there is a 
possibility of solid salt forming in return and delivery lines if temperature 
limits are not maintained; LiBr/water with a turbine/compressor offers higher 
condenser temperatures coupled with a good COP. The main disadvantages of 
these systems are the need for a zero-gravity separator (for separation of 
the refrigerant and the absorbent), a relatively large heat rejection 
requirement, and possibly some control difficulties. 

(3) The vapor adsorption system was selected because it is heat- 
driven, and it does not -require zero-gravity separation of fluids. The use 
of water as the refrigerant permits relatively efficient operation with very 
high condenser temperatures. Disadvantages of this approach are a large fixed 
weight for the adsorbent bed, and a COP of less than 1/2 which results in a 
large heat rejection requirement (this is off-set to a large degree as far 

as radiator area is concerned because very high condenser temperatures can be 
used). The sulfur dioxide/silica gel system which was once used commercially 
was not considered because sulfur dioxide was considered to be too toxic for use 
in a manned spacecraft. 

(4) Steam-jet vapor compressor has some attractive features from the 
standpoint of use of waste heat for refrigeration, particularly if the 
spacecraft used a steam power plant. This system also has the advantage of 
requiring no rotating machinery, and no zero-g separation of fluids. One of 
the primary disadvantages of this system in terrestrial applications is the 
high vacuum required in the evaporator (about 0.12 psia); atmospheric leakage 
into the evaporator dramatically reduces performance. However, in the hard 
vacuum of space 3 leakage into the evaporator would not be a factor. The 
inherently low COP of the steam jet refrigeration system results in a very 
high heat rejection requirement, which is a severe liability. As the con- 
denser temperature is raised, the amount of steam which must be employed 
increases dramatically, reducing the COP, increasing the heat rejection 
requirement, and increasing the size of the return pump, piping, etc. These 
factors combine to make the system non-competitive for condenser temperatures 
above 120°F (with a source steam temperature of 350°F). This system was not 
chosen for further consideration because it has no clear-cut advantage over 
the adsorption system, and it has a much more limited operating range. 

(5) Gas cycle refrigeration has found wide application in the air- 
conditioning of high performance commercial and military aircraft, where the 
reversed Brayton Cycle with air as the working fluid is used. The reversed 
Brayton Cycle is uniquely suited to air-conditioning of aircraft, since the use 
of air as the working fluid eliminates the need for heat exchanger equipment 
between the working fluid and the air (as would be required with a mechanical 
vapor compression machine) and permits open-cycle operation. The inherent low 
COP of the reversed Brayton Cycle is off-set because there is no large heat 
rejection required (due to open-cycle operation) and the power penalty associated 
with the use of jet engine compressor bleed air is small. The result of these 
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factors is that the Brayton Cycle air-conditioning unit for use with jet 
aircraft is very compact and lightweight. Except for the use of air as the 
working fluid, these advantages are not applicable to spacecraft, where the 
very low COP imposes a large power penalty, and the low COP coupled with 
the impracticability of open-cycle operation result in a large heat rejection 
requirement. The only significant advantage of the Brayton Cycle for space- 
craft refrigeration is the lack of a requirement for " zero-g" fluid separation. 
This advantage is more than off-set by the disadvantages. 

(6) Gas cycle refrigeration employing the Stirling Cycle, which 

is comprised of two constant volume, and two isothermal processes, is usually 
not competitive with vapor compression, machines in terrestrial applications. 

The Stirling Cycle is able to achieve cryogenic temperatures in a single 
stage, which gives :H an advantage over compound machines in producing 
cryogenic temperatures. This has led to widespread use of the Stirling Cycle 
for provision of cooling at cryogenic temperatures to infrared detectors in 
military applications. For provision of spacecraft ECS heat rejection, the 
Stirling Cycle would be similar to vapor compression units except that COP 
would be somewhat lower, and the inability to use a direct condensing 
radiator, which the vapor cycle may be able to do, offers a lower potential 
than the vapor cycle. For this reason the Stirling Cycle was not selected 
for further application. 

(7) Vortex tubes are primarily used where a high pressure supply of 
air is readily available, and the unit is required to be compact, light- 
weight, and inexpensive. They are used in terrestrial applications such as 
cooling men wearing protective clothing in industrial facilities and in ground 
cooling of small* unmanned spacecraft prior to launch. The extremely low 

COP of this refrigeration technique makes it unsuitable for use in manned 
spacecraft where closed cycle operation is mandatory. 

(8) Thermoelectric devices have inherently low OOP's when operating 
between the temperature levels normally encountered in a spacecraft ECS, i.e., 
from a low temperature side of around Uo°F, to a high temperature side of 90 - 
110°F. The advantages of direct conversion of electricity to cooling effect in 
a compact unit with no moving parts is more than off-set by the high penalties 
for power and' for heat rejection equipment associated with spacecraft. 

k . 3 Description of Refrigeration Systems Selected for Detailed Evaluation 

This section describes the candidate refrigeration systems in more 
detail. It also describes a typical spacecraft radiator system which has been 
included in the detailed evaluation as a baseline. (in some environments the 
radiators are not effective because of the radiation environment; the lunar 
surface at noon is an example of this. For example, a radiator in a crater 
with a 10 to 1 diameter to depth ratio, with optical properties of ^ = 03 
and €= 0.9? would have a radiation equilibrium temperature of 100°F at lunar 
noon). 
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4.3.1 Mechanical Vapor Compression 

The vapor compression refrigeration system has been extensively used 
in commercial applications, however, it has not been used to date for manned 
spacecraft applications. The system operates with a high COP even in severe 
thermal environments and, therefore, minimizes radiator area requirements. 
However, since shaft work is mandatory in its operation and this energy source 
is expensive in space, the system equivalent weight is highly sensitive to the 
power penalty factor. 

Ideal Cycle 

The ideal vapor compression cycle (Figure 4-1 ) has a COP near that 
of the Reversed Carnot Cycle. In the vapor compression cycle, heat is 
transferred during constant pressure vaporization and constant pressure conden- 
sation of a refrigerant fluid. With working fluids which have relatively high 
latent heats of vaporization the system flowrate is much lower than in the 
conventional radiator, thus effecting some weight savings due to the smaller 
heat exchanger surface required, etc. In the ideal cycle ,vapor from the 
evaporator is compressed in an isentropic process and then, in the condenser, 
heat is rejected at constant pressure from the fluid to the environment, as the 
vapor is condensed. The refrigerant leaving the condenser is then in a saturated 
liquid state. To bring the pressure back down to that of the evaporator, the 
fluid passes through an expansion valve in an irreversible process. This 
process flashes a portion of the fluid and reduces the temperature of the two- 
phase mixture to the evaporator temperature. Finally, this mixture of liquid 
and vapor refrigerant is returned to the evaporator where the liquid is 
vaporized at constant pressure by heat removed from the refrigerated space. 

Actual System 


An actual cycle will differ from the ideal cycle in several ways. 

Losses due to fluid flow friction and heat transfer to or from the surroundings 
occur. Irreversibilities exist in the compressor as well as in the necessary 
heat transfer processes. Additionally, compressors operate most effectively 
with fluid in a vapor phase.* Introduction of a mixture of liquid and vapor 
may cause mechanical problems and decrease the efficiency of the compressor. 

To insure that the pipe friction losses do not cause the condensation of any 
vapor between the evaporator and compressor, the saturated vapor is usually 
superheated a few degrees in the evaporator. A more economical system (in 
terms of system weight^ incorporates an intercooler between the fluid leaving 
the evaporator and that exiting the condenser. 

The intercooler is essentially a heat exchanger that causes heat 
transfer from the high temperature, high pressure saturated liquid to 
the lower temperature saturated vapor. The result is that superheated vapor 
enters the compressor as a single phase fluid and subcooled liquid enters 
the expansion valve. One disadvantage of superheating the compressor 
suction vapor too much is that the increased specific volume of the 
vapor increases the work of compression required. But, subcooling the liquid 
allows an increase in the amount of heat that can be added to the fluid through 
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FIGURE Wi: SIMPLE VAPOR COMPRESSION SYSTEM 




the evaporator. The net effect of intercooling in this manner is that single- 
phase vapor flow to the compressor is insured -without superheating in the 
evaporator, with no change in the total refrigeration effect (with R12 there 
is a slight improvement according to Carrier in Reference [ 12 ] ) - 

System Operating Limits 

The evaporation and condensation pressures (and thus temperatures) used 
in the vapor compression cycle have a strong influence on the magnitude of the 
COP. Decreases in the evaporator pressure or increases in the condenser pressure 
result in a reduction of the COP. This is because the ideal cycle COP is re- 
duced and the work required to increase the pressure of the working fluid in 
the compressor increases, and the net amount of heat that can be absorbed per 
unit of refrigerant flov in the evaporator is decreased. Another consideration 
is that low evaporator pressures mean larger- refrigerant . specif ic volumes, 
and consequently larger equipment. Increased pressures reduce the specific 
volume and the size of the equipment, but require that the system components 
be designed to withstand the high internal pressure (thus resulting in 
increased weight ) . 

The permissible operating limits of the system involve the physical 
properties of the refrigerant used. Since a change of phase is involved, 
the temperature levels of the evaporator and the condenser must be below the 
critical value. For best results, it has been found that pressures and 
temperatures near the critical should be avoided. A secondary limit may be 
imposed by the freezing' temperature of the working fluid, when it is possible 
for the system to encounter that temperature even when the system is non- 
operational . 

The particular mission requirements under consideration involve 
operation between limits of 30-50°F up to l40-l60°F. These limits are well 
within the operating limits of several commonly used refrigerants. The primary 
limiting factor in fluid selection is the power penalty associated with produc- 
tion of the necessary shaft work to drive the compressor. 

Control of the system to minimize power consumption will be of prime 
importance in the spacecraft application; because of the inherently large 
power penalty. A simple on/off control system could be used; however, this 
might increase the size of the spacecraft power system. An integrated control 
system such as is used in commercial buildings to reduce the power demand, 
could be used to advantage. Figure 4-2 shows a mechanical vapor compression 
system with a complete control system to reduce power consumption during part- 
load operation. The system shown has a centrifugal compressor with variable 
guide vanes and a variable speed drive to achieve efficient operation at 
reduced load; the expansion valve is controlled to allow operation with varying 
condenser pressure, and there is a central controller to interpret signals 
received from sensors and select the optimum operating conditions. 

In order to optimize the performance of a mechanical vapor compression 
system, a direct radiator /condenser should be used, rather than using a separate 
single-phase cooling system which receives the heat load from the refrigerant 
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in the condenser, and which transfers the heat load to space through a con- 
ventional pumped fluid radiator (termed herein a secondary radiator). Not only 
does the direct condenser/radiator reduce weight because of the obvious savings 
from elimination of the pump, fluid, HX, etc. for the secondary radiator, but 
also the direct condenser /radiator requires less radiating area than does the 
secondary radiator. This is because the heat transfer irreversibilities in 
the intercooler HX between the refrigeration loop and the secondary radiator 
loop result in a lower heat rejection temperature from the single-phase radiator 
than the condenser /radiator would have. In addition, the uniform tube temperature 
of the condenser /radiator results in a higher radiating fin effectiveness 
than can be attained with the secondary radiator. 

Potential Problem Areas 


The high state of development of mechanical vapor compression 
refrigeration systems in commercial operations provides a low technical 
risk associated with development of this system for spacecraft application. 

The primary technical problem areas are related to operation of the 
system in a zero-gravity environment (which is required for some potential 
missions). Development of a compressor which can operate in zero-g is a 
necessity; basically this is a lubrication problem. It is also vitally 
important to perfect the condenser/radiator because of the gains in thermo- 
dynamic cycle. efficiency and the reduction in system hardware associated with 
use of this concept. Finally, a control system which insures optimum 
operating efficiency for all heat load and thermal environment variations is 
needed. 


h.3.2 Vapor Absorption Systems 


The basic elements of a vapor absorption system are a condenser, 
evaporator, absorber, pump^regenerator and generator, as shown in Figure U-3. 

The evaporator and condenser function in the same manner as in the vapor 
compression cycle; however, the compressor is replaced by the absorber, 
liquid pump and generator. Since the vapor pressure of the refrigerant 
(solute) is reduced in the presence of the solvent, the refrigerant is con- 
densed at low pressure and intermediate temperature in the absorber forming 
a strong (in solute) liquid solution. This strong solution is supplied to a 
pump to increase its pressure and then passes through a regenerative heat 
exchanger to the generator. In the generator, the solution temperature is 
increased by energy supplied by an external heat source thus vaporizing part 
of the solute refrigerant and producing a weak liquid solution. Since a zero 
or low gravity field is assumed, a two-phase flow of refrigerant and weak 
liquid solution will leave the generator and the two phases must be separated 
in a zero "g" separator. (in terrestrial applications, the phase separation 
is accomplished by density gradient, which is a gravity dependent process.) 

The weak solution is throttled down to the evaporator pressure and is returned 
to the absorber through the regenerative heat exchanger. The refrigerant vapor 
is condensed, throttled, and then evaporated by the low temperature heat load as 
in the vapor compression system. The vapor absorption system has a theoretical 
COP, which is given by the following equation: 
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FIGURE b-3 SIMPLE ABSORPTION REFRIGERATION SYSTEM 




The first term on the right of the equation represents the ideal or Carnot COP 
of the refrigeration portion of the cycle, and the second term represents the 
efficiency of the power portion of the cycle. It is obvious that the efficiency 
of the power portion of the cycle will be enhanced as the generator temperature 
is increased. The generator temperature is limited by the thermodynamic proper-/ 
ties of combinations of refrigerants and absorbers, and also possibly in this 
case, by the available waste heat temperature. By the above equation, the theoret- 
ical COP for an absorption system operating with an evaporator temperature of 
^0°F, a generator temperature of 350°F, and an ambient temperature of 100°F 
would be: 


(COP) 


theoretical 


= ["500 ] [ B 10 - 560 T 

L 560 - 500 J L 810 J 


In an actual case, however, the working fluid properties coupled with the heat 
transfer irreversabilities in the system reduce the Carnot COP and power por- 
tions of the cycle by about 50$ each. Thus the acrtual COP will be about l/k 
of the theoretical, or about 0*6k in this case. The COP of the best commercial 
absorption refrigeration systems is about 0 . 7 - 


The choice of working fluids for the vapor absorption cycle is 
governed primarily by three properties of the refrigerant and the absorbent : 

(l) the critical temperature of the refrigerant (solute), which should be much 
larger than the condenser temperature (which is dictated by the external 
environment); ( 2 ) the vapor pressure of the absorbent, which should be small; 
and ( 3 ) the quantity of the refrigerant easily absorbed in the absorbent, which 
should be large, implying a large heat release accompanying the formation of the 
solution of refrigerant and absorbent (i.e., a large deviation from Raoult f s Law). 
In addition to these primary considerations, it is also desirable in the space- 
craft application for the refrigerant to have a large heat of vaporization, a 
low freezing point, and good chemical stability at high temperatures. The 
absorption systems selected for detailed evaluation are discussed below: 


R22/El8l Absorption System 

A vapor absorption system with working fluids of R22 and dimethyl 
ether of tetraethylene glycol (E-l 8 l) is shown schematically in Figure h-b. 
Included in the system are a "zero-g" separator and a "zero-g" rectifier, which 
are needed in weightless environment applications. Because of the large weight 
penalty incurred with secondary radiator loops, the absorber, intercooler and 
condenser are considered to be integral parts of direct radiators. The system 
shown in Figure U-4 uses a hydraulic motor rather than an expansion valve such 
as is used in more conventional systems. The hydraulic motor is used to remove 
work from the high-pressure weak solution as the weak solution is expanded 
to the absorber pressure. The work obtained from the hydraulic motor is used 
to drive the system pump, thus reducing the electric power needed to drive 
the pump. This is significant for applications involving a large electrical 
power weight penalty, sufihas is usually the case in s£hcecraft. 

Certain physical properties of the working fluids limit the range of 
temperature over which the system can be applied. Refrigerant 22 is not 
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recommended for service involving continuous exposure to temperatures in 
excess of 350°F in the presence of aluminum and oil. Thus, the temperature 
in the generator and the COP are limited by the materials which are available 
for use. The system was optimized as a function of a refrigerant concentration, 
generator temperature, and condenser and absorber temperatures for operating 
conditions representative of earth orbit and lunar surface applications. The 
following system parameters were used in the optimization process: 

Absorber Concentration: 6l% (Mole fraction of R-22) 

Generator Concentration: 35-4$ (mole fraction of’ R22) 

Generator Temperature: 350°F 

The most significant technical problems with the R22/E181 absorption 
system involve the development of an efficient zero-g separator, for separation 
of the refrigerant vapor and the liquid absorbent , and the development of 
"direct" condenser and absorber radiators whicl 'will operate with a wide range 
of heat loads and external environments. (The use of a secondary radiator system 
greatly increases system weight because of the additional hardware required, 
and because of the attendant loss of thermodynamic efficiency). The required 
control system for this system will be much more complicated than that shown 
in Figure 4-4, and development of this required control system will also be a 
significant technical problem area. 

Lithium Bromide - Water Absorption Cycles 

In commercial applications, the simple lithium bromide-water absorp- 
tion cycle, which is shown in Figure 4-5 is employed. This system, with the 
inclusion of a zero "g" separator, may be used without serious modification 
in earth orbital applications. However, for more severe thermal environments 
such as on the lunar surface, the physical properties (in particular, the 
precipitation of the solid salt LiBr) limit the useful range of the cycle. 

The basic cycle was modified, as shown in Figure 4-6, to incorporate a compressor 
to raise the pressure of the refrigerant from the low values required with a 
40° to 55°F evaporator to a level compatible with a high temperature absorber. 

A steam driven turbine was added to power the compressor, and a high tempera- 
ture mixer /absorber provides condensation of the turbine steam, as well as 
dilution of the return lithium bromide, to prevent precipitation of the LiBr 
in the regenerators. Thus, the system is actually an absorption refrigerator 
with a self-contained power plant and vapor compression refrigerator. As a 
consequence, the entire system operates at high temperatures except in the 
evaporator, and the mixer/absorber for the turbine/compressor cycle functions 
at a temperature which is about equal to that of the generator in the conven- 
tional cycle. 

Both the simple and the turbine/compressor LiBr/H20 systems employ 
secondary loops to transfer the heat to the radiator(s). While the radiating 
temperature is decreased thus increasing the required radiator area, secondary 
loops are considered mandatory to prevent precipitation of solid LiBr and the 
possibility of freezing of the refrigerant (water). The radiator is greatly 
simplified as a result (the heat load maximum-minimum ratio is only 2:1; 
except when the system is inoperative) but the system is complicated by the 
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FIGURE 1+-6; UBR/H 2 0 ABSORPTION SYSTEM WITH TURBINE/COMPRESSOR" 






necessity of extra components, controls, and a condenser and an adsorber 
which are integrated into the secondary loop heat exchanger. 

The low load control problem of both LiBr/H^O absorption systems 
is alleviated by use of the secondary loop to vaporize the liquid refrigerant 
which passes through the evaporator. This procedure can be accomplished by 
a heat exchanger thermal load leveler on the refrigerant line as shown in 
Figure 4-5 > or by a heat exchanger on the thermal load side to control the 
inlet temperature to the evaporator as shown in Figure 4-6. This type of 
control is highly desirable for spacecraft operation since heat load varies 
with vehicle environment, internal activity, power profiles, etc. while 
this refrigeration system operates at a single thermal load at all times. 
However, the system can use additional waste heat to make up the decrement 
in system heat load during low load conditions. 

The use of secondary radiator fluid loops for heat load control 
greatly simplifies the control of the heat rejection system; however, the 
refrigerator thermodynamic efficiency is greatly reduced. Indeed, for hot 
environments the simple LiBr system is so limited in range ^[Q on( ^ enser ] 

T r £ a Qr , n) that the system is excessively large. The turbine/compressor 
sys?e£°a5lev^ates this problem and significantly reduces the size of the 
radiator. Due to the high radiator temperature the system is not very 
sensitive to coating degradation and the low power requirement makes it 
insensitive to the power penalty factor. The large number of components in 
the system, however, results in a large system weight, and in a low system 
reliability, which, in turn, requires a large amount of spares, redundancy, 
and repair time. 

4.3.3 Vapor Adsorption Refrigeration 

Vapor adsorption is among the oldest methods of refrigeration, having 
originated with Faraday in the Nineteenth Century. Faraday used ammonia as the 
refrigerant and silver chloride as the adsorbent ; however, this process was 
apparently never used commercially, and remained a laboratory curiosity. 

The sulfur dioxide/silica gel system discussed previously was used commer- 
cially; however, it is no longer in use. The water/molecular sieve system 
proposed in this work has not been used commercially; one disadvantage is 
the low evaporator pressure of 0.12 psia, which makes atmospheric leakage 
into the system intolerable. 

A schematic of the molecular sieve adsorption refrigeration machine 
proposed for lunar surface application is shown in Figure 4-7. The machine 
shown has four molecular sieve beds which are used for adsorbing refrigerant. 
The four beds are alternated in being cooled by radiator fluid flow while 
adsorbing refrigerant, and in being heated by fluid flow from a heat supply 
while desorbing refrigerant. Adsorption takes place at the condenser outlet 
temperature, and at the pressure corresponding to the vapor pressure of the 
refrigerant at the desired evaporator temperature. Desorption is accom- 
plished at as high a temperature as is consistent with materials limitations 
and the available heat supply, and at a pressure corresponding to the vapor 
pressure of the refrigerant at the condenser temperature. Other variations 
are possible with regard to sequencing of radiator fluid flow through the 
condenser and the adsorbent bed. The sequencing shown is not necessarily 
the optimum. 
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FOUR-BED ADSORPTION REFRIGERATION SYSTEM 
FLOW SCHEMATIC 









Analysis has shown synthetic zeolite type 13x to he the most effec- 
tive adsorbent for use with water in an adsorption refrigeration system. 

Since water is the working fluid, secondary radiator loops were considered 
mandatory. Due to the high heat rejection temperature of the adsorption 
system, the radiator is not. very sensitive to coating degradation or to change 
in the environment. The fixed weight for the system is high; but since most 
of that weight is in high reliability adsorption beds, the major factor 
affecting the reliability is the large number of frequently cycled valves. 

The low-load problem is alleviated by by-passing part of the secondary loop 
flow to increase the evaporator load to maximum capacity at all times. The 
heat rejection is reduced by this method and the maximum/minimum ratio is 
a very modest 1.5/1 resulting in a very simple radiator system design. 

4.3.4 Conventional Pumped Fluid Radiators (for Comparison Only) 

The pumped fluid radiator heat rejection system is a highly developed 
and space qualified system (currently operational on the Apollo Mission). A 
typical advanced mission system shown in Figure 4-8 can be employed whenever 
the effective radiation sink temperature is lower than the temperature at 
which the thermal load is required. The working fluid, which could be ethylene 
glycol-water or one of the halocarbon family, picks up the heat load in the 
cold-side of a heat exchanger and then flows through an external radiator 
which consists of series and/or parallel flow tubes. Heat is rejected to 
the environment (sink) by radiation heat transfer from the radiator surface , 
thus cooling the working fluid which then flows through a circulation pump 
back to the cold side of the heat exchanger. 

Since the radiator must be designed to reject the maximum heat load 
in hottest expected environments, low internal heat loads in cold environ- 
ments can cause the radiator fluid to freeze in the radiator making the heat 
rejection system inoperative. Techniques such as selective stagnation and 
two-dimensional radiators (Reference [13]) have been developed by VMSC to 
solve this problem and no new developments, other than detail panel design 
and system integration for the specific' application are required. 

The spectral nature of the radiation environment in space provides 
an effective means of attaining low sink temperatures by judicious selection 
of coatings. However, due to the nuclear particle and ultraviolet radiation 
bombardment of all spacecraft surfaces, the radiator coatings degrade in 
long-term use resulting in an increase in the effective sink temperature. 

Other factors such as reflection and radiant interchange between other space- 
craft and/or deployed equipment also reduce the heat rejection per unit area 
and increase the radiator area requirement. The only significant penalty for 
a large radiator system is for the radiator surface area, thus the penalty 
factor assigned for the radiator area is of prime importance. The use of 
integral external spacecraft structure which must be present in any event re- 
sults in very low penalties for the radiator area. However, for large space- 
craft; the internal heat generation per unit of external area increases 
rapidly as do the requirements for deployed equipment, viewports, hatches, 
docking ports, etc. The available external integral area may be insufficient 
so that deployed radiators may be required, thus significantly increasing 
the weight and complexity of the system. For some environments, such as in 
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a 10:1 crater at noon on the lunar . surf ace 3 simple radiators cannot be 
employed because of a very high sink temperature so that no heat rejection 
would be possible without some thermal radiation shielding. Shielded 
radiators tend to be heavier and bulkier than conventional radiators , and 
they impose orientation constraints. Shielded radiators also present a 
complicated design problem for each specific application 5 and were not 
considered for comparative purposes in this study. 
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5.0 


SYSTEM COMPARISON 


This section presents the comparisons of candidate systems which were 
made in this work. These include a comparison of the total specific system 
weights, a comparison on the basis of the Effectiveness Function, and a com- 
parison on the basis of subjective factors. 

5 . 1 Candidate System Specific Weight Comparison 

The specific weight for the refrigeration systems was defined as the 
installed or "fixed" weight which includes all hardware and lines plus the 
power penalty in terms of weight plus the radiator area penalty in terms of 
weight. (Waste heat penalty could also be included, but this was usually con- 
sidered to be zero). The power and radiator weights were considered in terms 
of weight penalties because these two parameters are very strongly influenced 
by specific vehicle design. Derails of individual vehicle designs are, of course, 
much beyond the scope of this work. Because of the wide variation possible in 
these parameters, several penalties were considered in the weight comparisons. 
Table 5-1 lists the specific values of evaporator temperature (TEVAP), effective 
radiator sink temperature (TSINK) , electrical power penalty (FEPP), and 
Radiator area penalty (FRAP) which were evaluated in the study. System weight 
comparisons were made for each possible combination of the parameters, for a 
total of 120 separate comparisons. The comparisons are made in terms of total 
system specific weight (in lb/KW + ) as a function of system radiator (i«e-.» 
condenser) operating temperature" The curves presented do not include angr 
weight for system redundancy, back-up systems or spares. The weighty of a 
redundant system would not be twice that shown, since power penalty includes 
power system redundancy, and a second radiator would require only additional 
tubes and fluid, and would not require additional fin material and structure. 

The computer routine used for determining the weight for each system 
as £ function of radiator temperature and for plotting and results is dis- 
cussed in Appendix C. The specific runs made in this work, and all of the 
specific weight vs. radiator temperature curves are given in Appendix D. 

Figure 5-1. presents the specific weight versus radiator temperature for all 
five candidate systems for a set of conditions which is similar to a space 
shuttle orbiter application- that is, for an evaporator temperature of 35°F, 
an environmental sink temperature of 20°F, a power penalty of 300 LB/KW e , 
and a radiator weight of 1 LB/ft^. The results show that ’.the vapor compression* 
system is the lightest out to a radiator temperature of about 120°F. Beyond 
that, the complex lithium bromide /water absorption system is the lightest. 

Of course, this heat-driven system is not really a candidate for the shuttle 
due to lack of a suitable heat source. Figure 5-2 presents results for a 
set of conditions which is similar to a lunar orbiting station. The results 
are very similar to those in Figure 5-1; the complex lithium bromide/water 
absorption refrigeration system is the lightest, followed closely by the vapor 
compression system. Consideration of redundancy requirements would alter these 
results, since a backup vapor compression system would require only a small 
amount of additional fixed weight while the complex lithium bromide absorption 
system would require a great deal (primarily because this system essentially 
includes, a power generation system.) Figure 5-3 gives the results for a 
Lunar Surface Base with a high sink temperature of 100°F. In this case, 
the minimum weight systems are the ELjO/zeolite adsorption and the complex 
LiBr/H 20 systems, with the minimum weight occurring at radiator temperatures 


35 



TABLE 5-1 OPERATING CONDITIONS AND PENALTY 

FACTORS CONSIDERED IN TRADE ANALYSES* 


Evaporator 

Temperature (TEVAP) 


Effective Sink 

Temperature (TSINK) 


Electrical 

Power Penalty (FEPP) 


35°F** and 1*5°F 
-78°F, 0°.,. -20° and 100°F 

300, 500, and 700 LB/KW e 


Radiator 

Area Penalty (FRAP) 


0.1, 0.6, 1.0, 1.5 arid 2.0 LB/FT 2 


Thermal Energy 
Penalty 


0 LB/K¥ t 


*‘A11 120 possible combinations were evaluated by the Refrigeration 
System Comparison routine for five active refrigerators and the 
resulting plots are presented in Appendix D. 

**The evaporator temperature of 35°F corresponds to a cabin coolant 
return temperature of U0°F; the 5 °F difference represents the 
temperature difference across the heat exchanger equipment. 
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TEVAP = 35 F 

TSINK = 20 F FRAP = 1 LB/FT^ 

FEPP = 300LB/KW FTHER = 0 LB/KWj 



FIGURE 5-1 REFRIGERATION SYSTEM WEIGHT FOR SPACE 
SHUTTLE ORBITER APPLICATION 
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TOTAL SYSTEM WEIGHT - LB/KW 


35 F 
20 F 
300 LB/KW 


TEVAP = 
TSINK = 
FEPP = 


FRAP = .6LB/FT 2 

FTHER = 0LB/KW t 



FIGURE 5-2 REFRIGERATION SYSTEM WEIGHT 
FOR LUNAR ORBIT APPLICATIONS 
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TEVAP = 40 F 

TSINK = 100 F 
FEPP = 300LB/KW 


FRAP * 


1 LB/FT 2 



RADIATOR TEMPERATURE - OEG F 


. FIGURE 5-3. 

REFRIGERATION -SYSTEM FOR LUNAR 
SURFACE BASE APPLICATION 
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in the 200-230°F range. For radiator temperatures below 150°F the vapor com- 
pression system is the lightest. It should be pointed out that these re- 
sults are for the hottest period of the lunar day, and that an ordinary 
radiator could be used throughout the lunar night, and for much of the lunar 
day. Also, the power penalty of 300 lb/KW e may be high because a solar 

cell power system without batteries could be dedicated to driving the refrigera- 
tion system, since it would only be required in the daylight period. This 
would enhance the mechanical vapor compression system. Figure 5-4 presents 
results for a Lunar Surface EVA Application. The results are much the same 
as for the Lunar Surface Base. It should be pointed out, however, that these 
results are for a continuously operating system. If the EVA duration were limited 
to 8 hours, then battery power could- be used with the result that the power 
penalty would be about 40 lb/K¥ e (for a Li-Cxd^ secondary storage battery with 
an energy density of 200 watt-hr/lb and a 60 % depth of discharge). The power 
penalty would thus be shifted to the base, but even there it would be lower 
since the battery could be recharged at a lower rate and/or when power demands 
are low. This would make the mechanical vapor compression system the lightest 
with a specific weight of 120 lb/KW-^ with a radiator temperature of l4o°F. 

Figure 5-5 presents results which are representative of a transmartian vehicle 
application. The I^O/zeolite adsorption and the complex LiBr/^O absorption 
are the lightest weight systems. In this application the use of a dedicated 
solar cell system without batteries is possible, and this would enhance the 
mechanical vapor compression system. 

The effect of radiator area penalty on system specific weight is shown' 
by Figure 5-6. The system specific weight has been optimized for radiator 
temperature at each radiator area penalty. This figure shows that, for the 
conditions of 4o°F evaporator, 0°F sink, and 700 lb/KW e power penalty, the 
vapor compression system is the lightest for area penalties up to 0.72 lb/ft 2 
(along with the conventional pumped fluid radiator which was included for compara- 
tive purposes only). Above this radiator area, weight penalty out to 2 Ib/ft 
(the maximum value considered,), tne complex LiBr/^O absorption system is the 
lightest, followed closely by the t^O/zeolite adsorption system. The reason 
for the advantage of these two systems at large radiator area penalties is 
that they operate relatively efficiently with. radiator temperatures in the 
200-250°F range. 

The effect of radiator area penalty on required radiator area is 
shown in Figure 5 - 7 * This curve shows that the complex LiBr/H20 absorption 
and I^O/zeolite adsorption systems require the least radiator area for any 
radiator area penalty. This is because the use of water as the refrigerant 
in these systems makes them efficient at relatively high operating temperatures. 
More significantly, Figure 5-7 shows that the mechanical vapor compression system 
shows an area advantage over the conventional pumped fluid radiator for radiator 
area penalties above 0.6 lb/ft^. Of course, a reduction in power penalty from 
700 lb/KW e would shift the deviation point to lower values of radiator area 
penalty . 
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TOTAL SYSTEM WEIGHT - LB/KW 


43 F 
100 F 
700LB/KW 


IE VAR = 
TSINK - 
FEPP - 


FRAP =1.0 #/Ft 2 



FIGURE 5-^ 


Refrigeration System Weight 
For Lunar Surface EVA Application 
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TOTAL SYSTEM WEIGHT - LB/KW 


TEVAP = 40 F 0 
TSINK = 100 F FRAP * . 1 LB/FT 2 
FEPP * 300 LB/KW 
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TOTAL SYSTEM WEIGHT (LB/KW 


TEVAP = 40°F 

WEIGHT TSINK = 0°F 

OPTIMIZED FEPP = 700 LB/KW 

SYSTEMS AT POWER 

EACH RADIATOR 



RADIATOR AREA PENALTY 
(LB/FT 2 ) 

FIGURE 5-6 


EFFECT OF RADIATOR AREA PENALTY UPON 
HEAT REJECTION SYSTEM WEIGHT 
IN EARTH ORBIT 


* AVERAGE RADIATING TEMPERATURE IS 1+5°F 
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RADIATOR AREA 


WEIGHT 
OPTIMIZED 
SYSTEMS AT 
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AREA PENALTY 


TEVAP 
TSINK 
FEPP = 


1+0°F 

0°F 


700 tB/KW POW ER 



RADIATOR AREA PENALTY 
(LB/FT 2 ) 

FIGURE 5_7 

COMPARISON OF RADIATOR AREA 
REQUIREMENTS IN EARTH ORBIT 

^AVERAGE RADIATING TEMPERATURE IS 1+5°F 
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5.2 


System Effectiveness Comparison 

As discussed in Section 3.4, the five candidate refrigeration systems 
(plus integral and deployed conventional radiator systems for comparative 
purposes) were rated with an effectiveness function for the missions shown in 
Table 3-2. The theory of the effectiveness function is presented in Appendix A, 
and the application of it to refrigeration system comparison is given in 
Appendix B, including sample calculations. 

The specific factors considered in the effectiveness function were: 

(1) Development cost 

(2) Fabrication cost 

(3) Launch costs 

(4) Equivalent volume penalty costs 

(5) Maintenance costs 

(6) Redundancy and spares costs 

(7) Technical risk costs 

(8) Systems integration and interface costs 

The effectiveness function was evaluated in terms of costs; however, another 
base, such as weight, could have been used. Thus, theoretically, the difference 
in the effectiveness function for two systems represents the actual difference 
in cost. The effectiveness function does not represent the actual cost of the 
system; however, because many factors which are judged to be approximately the 
same for all systems such as administrative costs, are not included. 

The comparisons of the effectiveness function for the candidate systems 
for the various applications are given in Figures 5-8 through 5-l6. 


Figure 5-8 shows a comparison of cost (above a common base) in millions 
of dollars for seven possible heat rejection systems (the 5 basic refrigeration 
systems considered plus conventional and deployed radiators for comparison), for 
a space base mission with a $1000/lb launch cost. The bars show the cost for 
systems with heat rejection capacities of 76 kW^ + 4lKW^_. The vapor compression 

refrigeration system has a considerably lower cost than any of the other re- 
frigeration systems. It is interesting that in this case, the vapor compression 
refrigeration system is only a narrow loser to the conventional radiator systems. 



•SEE TABLE ‘C-l IN APPENDIX C FOR CONDITIONS 
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UNCERTAINITY IN SYSTEM WEIGHT DUE TO 
TECHNICAL RISK; SEE APPENDIX C (TOO LB/KW 
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VAPOR FREON LiBr (T-C) ZEOLITE VAPOR : -’REON LiBr SEOLITE 

COMPRESSION ABSORPTION ABSORPTION ADSORPTION COMPRESSION ABSORPTION ABSORPTION ADSORPTION 

(T-C) 

FIGVRF 5-15 HEAT REJECTION SYSTEM RANKING FOR LUNAR SURFACE EVA* _ B 

5 FIGURE 5-16 HEAT REJECTION SYSTEM RANKING FOR A TRANSMARTION MISSION* 


This is because the conditions considered do not demand a refrigeration 
system, since there is a 0°F sink temperature, and the mechanical vapor com- 
pression system can be optimized with a low condenser temperature. Since the 
refrigeration system uses a condensing radiator, and thus has an almost con- 
stant temperature, the refrigeration system requires less radiator area than 
the conventional radiator systems. Figure 5-9 shows the same comparison for 
launch costs of $200/lb and $50/lb. The results are the same for both of these 
launch costs, with the vapor compression refrigeration system being much less 
costly than the other refrigeration systems. 

Figure 5-10 shows the variance in ranking cost for the refrigeration 
systems for variance in system cooling capacity and in power system cost. 

The vapor compression system remains the lowest cost refrigeration system 
for all variances. 

Figure 5-11 shows a comparison of ranking cost for three refrigeration 
systems and a deployed radiator system for an earth orbiting space station. 

In this case, the vehicle heat load is 120,000 BTU/hr (35 KW. ), the radiator 
sink temperature is 20°F for integral area' and -T8°F for deployed area, and 
the integral radiator area is limited to 2500 sq. ft. The results show that 
the vapor compression refrigeration system has the lowest cost among the 
refrigeration systems. The heat-driven systems were considered for this 
application, but are not likely candidates because the space station will 
probably be powered by solar cells - so no heat source will be available. It 
is interesting to note that the Deployed Radiator System has the lowest cost 
of the four candidate systems. The integral radiator system could not be 
used in this case because of the limited area availability and the high sink 
temperature . 

Figure 5-12 presents a comparison of costs for a conventional radiator 
system, a vapor compression refrigeration system, and a deployed radiator 
system on an earth orbiting space shuttle. The conventional radiators and the 
vapor compression system radiators are located on the cargo bay door interiors, 
are limited in area to 900 sq. ft. and have an equivalent sink temperature of 
20°F. The deployed radiator has an area of 1800 sq. ft . with an equivalent sink 
temperature of -78°F. Figure 5-12 shows that the vapor compression system is 
less costly than the conventional radiator system, and that the deployed 
radiator system is the least costly of the three heat rejection systems. (Heat- 
driven refrigeration systems were not considered because of the lack of a, suitable 
waste heat .source from the Shuttle Orbiter Power System.). 

The Lunar Orbit Space Station results are given in Figure 5-13. This 
figure shows the effects of a change in power penalty from 300-700 lb/KW e , and 
it shows the uncertainty in system cost due to technical risk. The vapor com- 
pression system has the lowest cost, even when considered under the worst cir- 
cumstances, i.e., with a large power penalty (700 lb/KW ) and with the greatest 
expected cost for the vapor compression system compared against the minimum 
expected costs for the other refrigeration systems. The heat-driven refrigera- 
tion system costs are very similar in all cases. 

Results for the Lunar Base application are shown in Figure 5-1^. The 
simple LiBr/H20 Absorption System is not shown because it will not function 
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under the design conditions considered. With a power penalty of 300 lb/KW e , 
the vapor compression system has a slight edge over the HgO/Zeolite Adsorp- 
tion System and the LiBr/HgO Absorption System augmented by a turbine/com- 
Pressor. For a power penalty of TOO lb/KW e , the HgO/Zeolite Adsorption Sys- 
tem and the LiBr/H^O Absorption system augmented by a turbine/compressor have 
nearly equal costs, and are below the cost of the vapor compression system. 

The R22/E181 Absorption System has the highest cost in all cases. 

The Lunar Surface EVA mission results are shown in Figure 5-15- These 
results show that the vapor compression system and the vapor adsorption system 
are essentially tied with the lowest costs of any of the candidate systems. 

This study considered the total cost of the systems; however, there was no 
consideration of the EVA application weight and volume constraints, resulting 
from the crewman's physical limitations. This is significant because the heat 
rejection system used in an EVA application must N? portable. The vapor com- 
pression system has some advantage over the _ other systems in this regard because 
of the relatively short duration of EVA missions, which makes it feasible to 
use battery power as previously discussed. 

Figure 5-1 6 shows the results for the Transmartian mission. At a power 
penalty of 300 lb/KW e the LiBr/^O Absorption System augmented by a turbine/ 
compressor has a narrow cost advantage over the vapor compression system, and a 
slightly larger advantage over the adsorption system. At TOO lb/KW e the 
LiBr/H20 Absorption System has the lowest cost followed closely by the H 2 O/ 
Zeolite Adsorption System with the vapor compression system third by a margin 
of $30 million. Considering system cost uncertainty due to technical risk 
the vapor compression system remains third, but by a much smaller margin of 
only $10 million. 

5.3 Subjective Evaluation 


The earliest potential application for a spacecraft refrigeration 
system is in the space shuttle orbiter. The mechanical vapor compression 
system is the only serious* candidate (among refrigeration systems) for 
this application. The mechanical vapor compression system is the only 
candidate system which is applicable to all missions. If a shuttle orbiter 
refrigeration system were developed, then all of the previous effectiveness 
analyses would be shifted very strongly toward the vapor compression system, 
since it would then have lqwer development cost, lower technical risk, etc. 
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6.0 


CONCLUSIONS AND RECOMMENDATIONS 


6.1 Conclusions 


The following significant conclusions have been reached in this 
refrigeration system comparison: 

(1) The vapor compression refrigeration system has the lowest cost 
of any refrigeration system in four (earth orbiting space station, space 
base, shuttle, and lunar orbit station) of the seven applications presented, 
and is essentially tied with vapor adsorption in one other application (the 
Lunar Surface EVA). Other considerations, primarily the system portability 
requirement which limits system weight, make the vapor compression system the 
favored system in the EVA mission also. The vapor adsorption and vapor 
absorption (LiBr/l^O with a turbine/compressor) systems have the lowest cost 
(and are about equal- in cost) for the Lunar Base and the Transm&rtian Excursion. 

(2) The mechanical vapor compression system is the only refrigeration 
system which is applicable for all missions. 

(3^ The earliest, and one of the most promising, applications for 
a refrigeration system is in the space shuttle orbiter. Even though the vapor 
compression refrigeration system is more costly than a deployed radiator sys- 
tem in earth orbit, it offers some advantages in vehicle operational simplicity 
(e.g., reduced orientation and maneuvering constraints). The vapor compress 
sion system offers advantages since it can be used in all pre-flight, flight, 
and post-flight phases in shuttle orbiter operation. 

CM Keat-driven refrigeration machines offer little advantage in earth 
orbital operation because of low C0P f s which greatly increase heat rejection re- 
quirements and thus radiator area requirements. For lunar surface operation some 
advantage can be gained with these machines if they are designed to operate with 
a very high condenser (and thus radiator) temperature. The I^O/Zeolite Adsorp- 
tion system is well suited to this type of operation; however, it has the dis- 
advantage of requiring a very high (500°F range) heat source. The availability 
of waste heat at this temperature is strongly dependent on the power system. A 
power system using a Brayton cycle would be severely penalized if it supplied heat 
at this temperature, whereas a thermoelectric system would not be penalized. 

( 5) The vapor compression system is the only refrigeration system 
which can be applied to spacecraft in the near-term because the early space 
station will be powered by solar cells, and the space shuttle will be powered 
by fuel cells, so there will be no waste-heat at a temperature suitable for 
driving a refrigeration system on either of these vehicles. 


(6) If the vapor compression system were developed for the early 
missions then it would he more attractive for the later systems than the 
results indicate because development costs would be amortized over a greater 
number of flight units. 
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( J) Without going to 200°F radiator temperatures, the vapor compression 
system is much more effective in reducing radiator area requirements or in 
performing with a radiator area limitation. 


(8) For a space station with limited area availability, the vapor 
compression refrigeration system offers an alternative to a deployed radiator 
system. A refrigeration system could he used to augment a conventional radia- 
tor system during periods of high heat loads or of exposure to unfavorable 
external environments . 


C9) The consideration of redundancy requirements (as was done with the 
Effectiveness Function) enhances the mechanical vapor compression system rela- 
tive to the heat-driven systems . 


(10 ) The vapor adsorption system ranks second to 
in the^ overall comparison of refrigeration system costs. 


vapor compression 


e va P or adsorption system has the advantage that it requires no 
liquid-gas phase separation. (The vapor compression system may involve 
separation of liquid lubricant and vapor refrigerant). 


6 .2 Recommendations 

The following recommendations are made based on the results of this 

work : 


(1) Vapor compression is the most promising refrigeration system for 
spacecraft applications, and development of this system should be pursued. 

The preliminary design to be executed as a part of this contractual effort 
should be on a vapor compression refrigeration system. 

(2) The philosophy on assignment of power penalties for spacecraft 
refrigeration systems should be evaluated in light of the variance in relia- 
bility requirements between the power and environmental control systems. 

It appears that a power supply dedicated to a refrigeration system would not 
require a higher reliability than the refrigeration system itself. The 
assigned power penalties should also include consideration of intermittent 
operation over the mission lifetime and use of reserve installed power system 
capacity. 


(3) The vapor adsorption refrigeration system should be investigated 
fpr application where a he^t-driven system is desirable. 
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APPENDIX A : * 

EFFECTIVENESS METHODOLOGY 


1. EFFECTIVENESS MEASURE 

In the context of military operations analysis and systems evalu- 
ation, it may be difficult to arrive at a single Effectiveness Index 
which is both workable and comprehensive. This is ofen the case in 
subsystem development areas where the requirements are still general 
or in the f creative state . This section discusses the selection and 
use of an Effectiveness Index of a subsystem when the overall system 
requirements and properties may not yet be fully known. This is done 
by deriving a ranking model from the constrained optimization problem, 
U3ing 30-called trade factors". These are partial derivatives of the 
Accountable Factors, concept data deemed most likely to eventually de- 
termine overall system effectiveness. Methods of estimating these 
trade factors within error bounds are given with a sensitivity analysis 
technique for paired comparisons of subsystem candidates. 

a. Accountable Factors 

Accountable Factors xi are those things deemed most pertinent 
to the problem. If the emphasis is on the evaluation of competing 
systems the Accountable Factors are usually those physical charac- 
teristics of the mission and the systems which distinguish one sys- 
tem from another, e.g., weight, reliability, accuracy, etc. Cost is 
also a factor but may be kept separate so that first a purely tech- 
nical evaluation may be made before making one which Includes cost. 

b. Effectiveness Function 

The Effectiveness Function 

•V., 

E » . • • , Xjj ) (1) 

is defined to be a real valued function of the m Accountable 
Factors x^. It may or may not have a physical interpretation such 
uu: Dollars per pound of payload in orbit; launch rate per year; 

1 or. Sortie rate per bomber squadron, etc. But it is essential that 
it have what is sometimes called the Monotone Property: In the per- 

mloeinie range of the variables, if it is increasing monotone, then 
any increase in E must signify an increase in desirability, and 
vice versa if it is decreasing monotone. 

Examples of what we might call Mixed Indices (l.e., having no 
physical units of measure) might Include: 


(launch rate per yr.) x (reliability) (2) 

( dollars per lb in orbit ) ” 


,A 
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Thic 'C a:l . '.c a uul table index for '.cmiarlng two space booster ays - 
tone* un/ler in* constraints of a fixed number of launching pads and 
processing facilities. It has the Increasing Monotone property. 

It night not be a suitable index for canparing two booster systems 
having widely different launch concepts and no constraints on the 
h-lx her 'X' launch eite3. Here additional Accountable Factors might 
.mvf to be such as fixed costs and recurring costs, the 

total number of missions to be provided for, etc. 

o ’f i tcwBf ranation of the Effectiveness Function 

The *■ u* an effectiveness function given in eauction (2) 

sho-:.! that the reciprocal of E would serve equally well. It would 
then have the decreasing iroDotone property. Also the logarithm of 
£ vo'.’.ld servs. < 2 . a & measure of effectiveness and would have the in- 
crba<fiug monotone property. In fact, any one-to-one transformation 
of the effeotivenacs function or any of the accountable factors 
would produce an associated effectiveness function having the de- 
sired monotone property. 

d. The Ranking Problem 

Given a suitable Effectiveness Index E as defined in (l), and 
given n systems to be evaluated and compared, we may think of 
having an (ax n) matrix of data representing the m values of each 
of the m accountable factors cn each of the n systems, i.e., 

H - (hij) , hij a the value of the 1th (3) 

accountable factor 
on system J . 


To rank these we would merely substitute the values in the effec 
tivenese function in (1) and compare the resulting values of E . 

This ignores two problems: (i) We may not know the Effective- 

ness Function completely, and (2) There may be uncertainties in 

our Data . 

2. MSTHODOUXJY DEVELCFMEWT (FIRST ORDER) 

To deal with the two questions above, we first linearize the effec- 
tiveness function and proceed to find quantities which may yet be esti- 
mated and yet permit ranking if not absolute evaluation. Later we will 
extend this to a second order case. Let the effectiveness f unc tion in 
(1) be developed in a Taylor's Series with remainder as follows: Let 



£ 


3 l"(xj) * F( *lj > x 2j * ' ’ ' * *mj ) 

-j * X 1J > X 2J> • • • /XmJ ■ the Jth system 

parameters 

£ a c^. C2> • • • »c m ■ a reference system 

or coordinate origin 


Let the increments from the point 


c be defined by 


x iJ * c i + h iJ 


( 5 ) 


Then by use of Taylor's series with remainder we get 


F(x,) = F(c) + h 


,( 1 ) 


1J r l 


where : 



a_F 

d x^ 


c 


h mJ F » 1) + "j 


(6) 


.-sstui.e the remainder Rj is essentially constant for all systems J . 
Note that it does not have to be small for our purposes, but we require 
that It be essentially constant In the region of Interest. Then we de- 
fine the First Order Ranking Index to be 


E* . F <»))- F (£>-Kj 

J p (l) 

b 


ir 


■ I 

1ml 


h iJ t i 


where 


l l 



5 x b 

D x i 


c 


(7) 


is defined as the First Order Trade Factor with respect to a suitable 
base factor x b for which is not zero. 


i ‘ 
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flow ve t an rank *riy tvo systems without knowing the absolute value 
of the L'ffr-ctiverieso Function. All ve need is the difference in the values 
of the ranking index fcj for the tvo systems. Let ua consider tvo systems, 
J*p and j«qL, and let 


J P* 



E 


* 


m m 

“ £ h ipU ' I ^iq^i 

i-i i-1 


(8) 


Note that flpq s.5 defined. In (8) becomes known when the system data 
and the trade factors tj. becomes known, but that the actual dif- 
ference 


Spq - F(xp) - Hxq) (9) 

is still unknown. However, knowing 4» is sufficient to perform a ranking. 

DEFINITION: As a matter of convenience in further discussion ve define the 
smallest value of E - F(x) to be best, i.e., system p ranks before system 
q if the "true" difference Epq is negative. 

3. SENSITIVITY ANALYSIS (FIRST ORDER) 

Since the First Order Trade Factors as developed preceding are 

now the key to the ranking model, ve need to assess the sensitivity of 
the ranking to the possible errors in their estimation. Assume 


where a 'true 1 ' value of trade factor 1 

■ "error in estimating . 

Then from (8) and (10) we get 

E pq " E pq + E pq 

where 

E pq - I h ip r i - I h iq r i 
lal i»l 

» true' difference in system "scares.' 
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( 10 ) 


( 11 ) 



and 


N - ^ 


m m 

l h ip <1 - I h lq f l 
1*1 


• error' difference In system "scares." 


Then from ( II) 




- Efc - 

£ E P4 + | E pq 

m 


£ E 


PsL 


I. | h ip " h iq 


1-1 


Hence for the true" difference E ^ 


(12) 


E w ^ ° if 


m 


'P* 


Z. I h ip - * 


i-1 


(13) 

(14) 


i.e., if 


Vi 


-E* 


I | h l P - h iq | \€i 
U1 


1 . 


(15) 


Note that the ratio kp^ as defined in (15) may be interpreted as the 
proportion by which all the trade factor errors could grow simul- 

taneously and yet satisfy the inequality in (15)* and hence in (lU) and 
(13). Thus if kpn ■ 2.0 for example, then all the errors could 

double in size ana (13) would still hold. 

DEFINITION: The difference E^q in observed scores is significant when- 

ever the inequalities in (14) and (15) hold. This implies that the in- 
equality ( 13 ) holds and that the ranking of system p over system q 
is significant. 
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APPENDIX B 


COMP API SON OF REFRIGERATION SYSTEMS 
BY THE EFFECTIVENESS FUNCTION 


The total cost of a refrigeration system for lunar surface and 
spacecraft applications includes not only the development and construction 
costs, hut also the launch costs to deliver the system to the use location 
and penalties for volume, maintenance, repair and redundancy. Because 
launch systems have heen weight critical in the early years of manned 
spaceflight, particular attention has been given to the weight and volume 
of systems. However, for advanced launch systems (such as the space shuttle) 
all of the above factors assume significant proportions ; thus, the selection 
of a refrigeration system to use in advanced spacecraft must quantitatively 
evaluate all system characteristics* An effectiveness function, has 
been developed to provide a systematic method of relating all quantities to 
a common base. This function, since it is defined in such a manner as to 
quantitatively assess the relative or absolute importance of all factors in 
the performance of a specific task, has the monotone property, that is the 
function either increases with increasing costs and penalties or it decreases. 
It is not necessary that the function always increase or that it have a 
particular set of units. (The function could be evaluated in dollars, pounds, 
per cent, maintenance hours or on a non-dimensional basis); but it is required 
that each factor be quantitatively related to the others in proportion to its 
importance in the mission. An analytical discussion of general effectiveness 
methodology is presented in Appendix A. The application of the method to 
the development of refrigeration systems for lunar surface and spacecraft 
applications is discussed in the following sections. 

1.0 THE EFFECTIVENESS FUNCTION 

The effectiveness function is defined herein to assess the 
relative costs of competing systems for a particular application. The 
function is evaluated in dollars so that the system which has the minimum 
value of its function represents the most effective utilization of resources to 
perform the heat rejection task for a spacecraft environmental control system 
(ECS). Inherent in this method is the assumption that development costs and 
launch costs and any or all combinations of accountable factors can be traded 
at will against each other (subject to weighting factors, herein identified as 
trade factors and noted with small letters). This essentially assumes that 
weights, volumes, etc. of the systems under consideration are never so large 
as to require a major modification of the launch system or the spacecraft. 

The equivalent cost of each accountable factor, i, is evaluated 
for each system, j, and summed to obtain the total cost as follows: 


F J £ 1=1 x l X u * *1 X 1J * x 2 X 2j * x 3 X 3J + — *n X uj (Eq. B-l) 
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where : 


f j 


DEVELOPMENT 

COSTS 


CONSTRUCTION 

COSTS 


LAUNCH 

COSTS . 
J 


EQUIVALENT 

VOLUME 

PENALTY 

COSTS 

i 



REDUNDANCY 

MAINTENANCE 

. AND 

COSTS 

j SPARES 


COSTS 


EQUIVALENT 
COSTS FOR 
TECHNICAL 
RISKS 


SYSTEM 

INTEGRATION 

AND 

INTERFACE 

COSTS 


EQUIVALENT 

COST 

OF 

OTHER 

FACTORS 


F. 

J 


x. 

1 



The cost of system j to perform the heat rejection 
task, in dollars ($) 

The trade factor for accountable factor, i, in 
$/LB, $/Unit, $/Ft3, etc. (Trade factors are a 
function of the mission and the vehicle) 

th 

The value of the i accountable factor for system 
j, in LB, Units, Ft3, etc. (Accountable factors are 
a function of the individual refrigeration systems) 


For convenience, each of the factors are identified by letters rather than 
subscripts as follows: 


1 W 

= -(NR). + q(UC). + bq W. + bqv (V . 

n J J J J y 

+ t T. + fqFWT + - (TR. + SI. + RC.) 

J n J J J 


(Eq. B-2) 


where for each refrigeration system j, the accountable factors are: 


NRj = Non-recurring (development) costs in dollars ($) 

UC . = Unit cost in dollars per KW of cooling ($/KW. ) 

J t 


W. 


V. 


= System specific weight including penalties for power 
and radiator panels, in pounds (LB/KVp 

= System specific volume in cubic feet (FT /KVp 
= Astronaut or crewman repair time in hours (hr) 


FWT = The specific system fixed weight excluding penalties 
for power and radiator area. (A redundant loop is 
assumed in determining the radiator penalty). In LB/KW-j- 
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TR = Technical risk associated with the development, in 
dollars ($) 

SI = System integration and interface costs associated with 
the application of system j to a mission, in dollars 

RC = Other factors which might he applicable to particular 
systems, in dollars 


And where for all refrigeration systems the trade factors for each mission are 


n = Number of units required 

b = Launch costs in $/LB 

v = Launch system volume penalty in LB/Ft 

t = Value of crewman time to performance maintenance in $/hr 

f = Redundancy launch cost in $/LB (the redundancy factor 
times the launch cost, b) 


q = The required amount of cooling in KW 

cooling 


Since a bulky or irregularly shaped system limits the volume available for 

other systems, a penalty is assigned when a systems’ density is less than 

the average spacecraft density (Spacecraft Weight /Spacecraft Volume). The 

penalty assigned is (V.-W., ). There is no premium for a high density system 

and (V-W, , ) is set to z^ro in that case. 

3 j /v 


The total cost for each of m systems under consideration is given 
by the above function so that there exists a matrix of trade and accountable 
factors as follows: 



F 1 

r 

V. 

1 

x. X.. 
i xl 




T _n 



F^ 



x,. X 


2 



l A i2 

F 

• 

— 

X 



* 





F 



x. X. 


m 


Lz. 

i 

l lm 


(Eq. B-3) 


The most preferred system in the matrix is the one with the minimum value of 
its effectiveness function and it can be easily discerned by a simple compari- 
son. 


B-h 



Preliminary studies have shown that the relative importance of 
repair time, integration costs, and other subjective factors are approximately 
equal in all systems and are not major contributors to the total cost. The 
size of the matrix was reduced by assuming that the above factors were equal 
and defining the ranking function, Ej , (which is identified as the first 
order ranking index, Ej* , in Appendix C) as follows: 

, . - c i = F .i - (t T .i ; si : rc) <Eq. b-m 

* 10 6 


= The ranking function, in millions of dollars 

= The effectiveness function in dollars 

= Subjective factors which are assumed to be equal 
in all systems (such as repair time, weights, 
interface costs, etc.) 

= One million dollars ($10^). A constant to 
reduce the magnitude of numbers 

By employing the constant at 10^ dollars, the trade factors must be 
assigned in reciprocal millions of dollars. The ranking function is employed 
to calculate the relative cost of providing heat rejection for one particular 
mission. Since the missions will be conducted in the future, the operating 
conditions are necessarily uncertain. The effects of these uncertainties 
upon the results must be evaluated before firm conclusions can be drawn. A 
sensitivity analysis was performed and is discussed in the paragraphs below. 


where : 


F. 


The ranking function as described above will indicate the preferred 
system for the particular set of trade and accountable factors. However, 
uncertainties exist in both of these factors j, therefore, by taking derivatives 
with respect to each factor,' k, the sensitivity can be calculated as follows: 


where : 




Ak 


(Eq. B-5) 



The change in the ranking function 


K = A trade or accountable factor 


Ak 


The uncertainty in the trade factor or accountable factor 


For this study, only two quantities: the thermal load and the power penalty 

will be allowed to vary. Subdividing the unit cost into structure and power 
penalty at 100 $/LB and fixed weight at 600 $/LB, the unit cost is given by the 
following: 
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UC. = (100 $/LB [W. - FWT] + 600 FWT) $/KW (Eq. B -6) 

0 J c 

= (100 ¥, + 500 FWT) $/KW 

J c 

Then the ranking function equation is given as follows: 

E j = - NR. + q (100 W. + 500 FWT) + bq W. 

^ J <3 J 

+ bq v (V. - ^j_)* + fq FWT 
J v 

^NR. + q [(100 + b) W. + (500 + f) FWT (Eq. B-7) 

n j J 

+ bv (V - W j )*] 

J v 

^Negative values are set equal to zero i.e., no premium is allowed for volume 
which is associated with a launch weight but which is not occupied due to a 
high system density. 


Evaluating the deriveratives with respect to q and W yields the following 
equations for the sensitivity of the ranking function: 


AEj(q) = 

+ 


and 


[(100 + b) W + (500 + f) FWT 
W4 

t>v (Vj - -£) ]«A q 


AEj(Wj) = q (100 + b) . £Wj 


and when both occur simultaneously: 


(Eq. B-8) 

x 


(Eq. B-9) 


AEj (q,W^) = ( 10 ° + *>) ' Aw^* Aq . (Eq. B-10) 

The above equations are employed using tbe expected launch penalties and 
operating conditions presented in Section 2.0 of this Appendix. 
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2.0 MISSION DEPENDENT PARAMETERS (TRADE FACTORS) 

The trade factors given in Equation B-2 (represented "by the lower 
case letters h, q, v, etc.) are primarily a function of the specific mission, 
and the vehicle and launch system used for accomplishing that mission. This 
section describes the baseline missions and vehicles considered in this study, 
and the pertinent characteristics of these systems, such as weight penalty, 
volume penalty, etc., which establish the trade factors. 

The baseline missions along with significant parameters of launch 
costs, power penalty, radiation sink temperature, and vehicle heat load are 
given in Table B-l. Several different values of the significant parameters 
are given for the earth orbital missions; however, only one set of parameters 
was used for the other missions. This approach was taken because there are 
several specific launch systems and vehicles which can currently be identified 
for the earth orbital mission, but for the advanced missions there are no 
definite launch systems which can be identified. 

2.1 Launch Costs 

Derivation of launch costs used for each baseline mission is given 

below. 

2.1.1 Earth Orbit 

The cost of the Tit an/ Advanced Orbiting Launch (AOL) system was 
identified as $729/lb of payload with an average allowable density of 7*5 
lb/cu. ft in Reference [27]. This reference also gives a cost of $630/lb of 
payload for the Saturn/S-IVB with an average allowable density of 12 lb/cu. ft. 
Reference [28] shows launch cost as a function of orbital vehicle weight; the 
cost is $1000/lb for a 100,000 lb vehicle and $700/lb for a 200,000 lb vehicle. 
Reference [29] states that the cost of payload to orbit is $1000/lb for the 
Saturn 5 launch system. Reference [3^] gives a Saturn 5 launch cost of $570 
million with a 306,000 lb payload put into a 289 n.m. orbit; this is a unit 
cost of $l800/lb. It is not clear as to what basis is used in each reference for 
the establishment of unit costs; in particular, it is unclear as to whether 
the costs include amortization of launch system development costs or not, and 
it is unclear whether the unit weight includes the entire vehicle which is put 
into the orbit, or if it only includes the actual useful cargo put into orbit. 

For the purposes of this study a single value was chosen for a conventional 
launch system as shown in Table B-l; $1000/lb of useful cargo with an average 
allowable density of 7-5 lb/cu. ft. 

NASA is currently pursuing the development of space shuttle system 
which would employ a reuseable booster, a reuseable orbiter, and which would 
deliver cargo to low earth orbit at a cost roughly an order-of-magnitude lower 
than current costs. Reference [29] states that the goal of the space shuttle 
system will be to achieve launch costs of $20 - 50/lb. Spieth and Woods 
presented projected space shuttle launch costs of $200/lb for a 12,500 lb payload 
shuttle, and $50/lb for a 50,000 lb payload vehicle in Reference [30]. Milton 
and Schramm presented a projected shuttle operating launch cost of $50/lb and 
a total amortized launch cost of $170/lb in Reference [ 31 ] • All of these costs 
appear to represent a "one-way" cost in which cargo is transported to earth 
orbit in the shuttle ; but the shuttle returns to earth empty . If there were a 
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payload which could he transported from earth orbit to earth, these costs 
could be correspondingly reduced. For purposes of this study, the two extremes 
of the projected shuttle costs were assumed. A 25,000 lb payload shuttle with 
a total amortized launch cost of $5 million, and a 50,000 lb payload shuttle 
with a launch cost of $ 2.5 million were considered; each with an empty return 
from earth orbit. These numbers give unit costs of $200/lb and $50/lb, respec- 
tively. The cargo space for each of these assumed shuttle vehicles was a 
15 ft. diameter cylinder which is 60 ft. in length (References [ 29 ], [32] and 
[36]). This gives a total cargo volume of 10,600 cu. ft., or an average 
allowable density of 2.36 lb/cu. ft. for the high cost shuttle ($200 lb), or 
k.72 lb/cu. ft. for the low cost shuttle ($ 50 /lb). 

2.1.2 Lunar Orbit 
$* • 

For the lunar orbit mission it is assumed that there Is an. opera- 
tional space shuttle system for delivering cargo to earth orbit, and that 
there is an operational nuclear powered space tug for transferring cargo 
from earth orbit to lunar orbit. Johnson presented such a projected system 
in Reference [33]. Assuming a one-way payload to lunar orbit, and a useful 
life of ten round-trips for the tug, the unit cost to lunar orbit would be 
$ 500 /lb if it cost $ 100 /lb for placing the cargo in earth orbit, and $ 850 /lb 
if it cost $200/lb to put the cargo in earth orbit. For this mission, a 
nominal cost to earth-orbit of $ 100 /lb was assumed, so the total cost to lunar 
orbit is then $500/lb. A volume penalty of 5 lb/cu. ft. was assumed for this 
mission. 

2.1.3 Lunar Surface Base 

An arbitrary transportation cost of $1000/lb was assumed for trans- 
porting cargo to the lunar surface. This is based somewhat on the cost to 
lunar orbit of $ 500/lb. A volume penalty of 5 lb/cu. ft. was assumed for this 
mission. 

2.1.4 Lunar Surface EVA 

The same transportation cost as for the base was assumed, that is, 
$1000/lb. The volume penalty is based on EVA equipment packaging rather than 
the launch vehicle. The Portable Life Support System packaging density was 
used as a baseline. The approximate volume is 4.25 cu. ft. (Reference [37]) 
and the approximate weight is 85 lb (Reference [38]), for a density of 20 lb/cu. 
ft. 


2.1.5 Mars Excursion 

For the Mars Excursion, it was assumed that a space shuttle launch 
system and a nuclear powered space tug will be operational. It was assumed 
that an orbital launch system would be employed for the Mars Excursion 
vehicle. The vehicle would be transmitted to earth orbit piecemeal; there it 
would be assembled, checked out, and launched. Launch systems such as this 
are described in References [28], [34] and [35]* The cost per lb for launching 
a vehicle to Mars was calculated based on information given in Reference [34], 
which is below: 
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Mars Vehicle Wt. in Earth Orbit 
3rd Stage (which escapes from Mars) Wt. 
4th Stage (which returns to Earth) Wt. 
Vehicle Cost (including development) 


2,158,000 lb 
' 624,000 lb 
160,000 lb 
$1100 million 


If a cost of $100/lb is used for transporting the vehicle to Earth-Orbit, 
and the unit cost is based on the 4th Stage Weight, then the cost per lb 
to Mars is 


Cost = 


(2,158,000 lb) (#100/lb) + $1.1 x 10 9 
160,000 lb 


$8, 000/lb 


This cost is very speculative, hut then so is the entire concept of a Manned 
Mars mission at this time- The volume penalty for this mission was estimated 
at 5 lb/cu. ft. 

2.2 Vehicle Heat Loads and External Environments 


Three separate classes of vehicles were considered for the earth 
orbital missions; the space station; the space base, and the space shuttle. 

North American Rockwell has estimated the maximum vehicle heat load for a 12 
man space station to be 120,000 BTU/hr (Reference [ 39] ) » and for a 60 man 
space base to be 1+00,000 BTU/hr (Reference [ Uo] ) . VMSC used 35*000 BTU/hr 
for the space shuttle orbiter internal heat load in Reference [ Ul ] . For the 
lunar orbit space station a heat load of 120,000 BTU/hr was assumed. The 
Lunar Base was assumed to have a heat load of 50,000 BTU/hr, the Lunar EVA 
heat load was assumed to be 10,000 BTU/hr, and the Mars Excursion Vehicle 
was assumed to have a heat load of 120,000 BTU/hr. These heat loads were 
based on the vehicle crew size to a certain extent; it was estimated (based 
on the space station and space base data) that a vehicle with a closed life 
support system and internal electrical equipment such as Guidance and Navigation 
will have a maximum heat load of around 10,000 BTU/hr-man. For the EVA, it 
was assumed that the single crewman could have a high metabolic load (up to 3500 
BTU/hr) plus a very significant heat leak from the environment, so a value of 
10,000 BTU/hr was used even though the EVA system probably would not have a closed 
life support system. 


The external environment is characterized by a single maximum radia- 
tion sink temperature in this work. (Sink temperature is .based’ on surface 
optical properties of emittance = 0.9 and solar absorptance = 0.3). This 
sink temperature is used to size the individual systems, as was discussed 
previously in Section 3.2. For the nuclear powered space station and space 
base systems in earth orbit, a sink temperature of 0°F was assumed for radiators 
integral with structure. A conventional radiator system was considered in this 
case for comparative purposes. The solar cell powered space station in earth 
orbit was assumed to have a sink temperature of 0°F for integral vehicle surface 
area, while the deployed radiator system was assumed to have a sink temperature 
of -78°F (Reference [42]). The integral area available for radiators is limited 
to 2500 sq. ft. For this vehicle, a vapor compression refrigeration system with 


integral radiators is compared to a conventional radiator system using deployed 
panels. The same comparison was made for a space shuttle system in orbit. For 
the shuttle, the integral radiators are assumed to be on the inside of the cargo 
bay doors, and to be limited to 900 sq. ft. (Reference [4l])- The sink tempera- 
ture is 20°F for integral radiators, and - T 8°F for deployed radiators The 
lunar orbit space station vas assumed to have a sink temperature of 20 F. 
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the lunar surface "base and lunar surface EVA, a sink temperature of 100°F was 
assumed. As described in Reference BT] this represents an element with 

0.9 and oC = 0.3 facing up in a 10:1 .diameter to depth ratio) lunar crater 
on the lunar equator at lunar noon. For the Mars mission, a maximum sink 
temperature of 100°F was assumed based on a spinning cylinder at a distance 
of 0.8 AU from the sun. This distance represents the closest to the sun that 
a vehicle in an opposition mission to Mars would come (Reference [4 1 ) . 

2.3 Power Penalty (Weight) 

The specification in the contract (Reference [43]) under which 
this work was accomplished calls for a power penalty of 600 lb/KW e for regulated 
d.c'. , and TOO lb/KW e for regulated a.c. These values are similar to the North 
American Rockwell (NAR) Space Station Study results (References [39] and [ U 0 ] ) for 
nuclear power systems. The consideration of nuclear power systems is consistent 
vith the study objective of using waste heat to drive the heat 'rejection 
system. The NaR space station studies project solar cell power system weight 
at a weight of 350 lb/KW e . Borentz (Reference [44]) gives a solar cell power 
system weight of 325 lb/KW e , for a silicone cell array. Borentz also gives 
weights for Isotope power systems (in the 20 KW e size range) of 375 lb/KW e down 
to 340 lb/KW e , for Reactor Thermoelectric systems of 1025 lb/KWe, and for 
Reactor Rankine Cycles of 680 lb/KW e to 900 lb/KW e > Barker and Nicol 
(Reference [45]) recommended a power penalty of 500 lb/KW e in a recent paper 
on spacecraft thermal control systems. Gaddis et al (Reference [4l]) have 
recommended a Fuel Cell Weight Penalty (FCWP) of 

FCWP = 120 LB/HP +0.8 LB/HR-H P [HRS OF OPERATION] 

For a space shuttle on a 30 day mission with 5 days of refrigeration system 
operation, this penalty becomes 

FCWP = 120 LB/HP +0.8 LB/HP-HR [5 DAYS] [24 HRS/DAY) 

= 120 LB/HP + 96 LB/HP = 2l6 LB/HP 

= (216 LB/HP) (1.34 HP/KW) = 290 LB/KW 

This number is based on the Apollo Fuel Cells; NASA is attempting to 
develop a fuel cell that has a fixed weight of 45 LB/HP for the space shuttle 
(as opposed to 120 LB/HP) according to Reference [ 51 ]* and so 290 LB/KW 
should give an adequate margin for radiators and plumbing. 


For purposes of this study, weight penalties of 300 LB/KW e , 500 
LB/KW e , and TOO LB/KW e were all considered for the earth orbital space 
station and base. For the space shuttle a penalty of 300 LB/KW e was used. The 
solar cell powered space station was assumed to have a power penalty of 350 LB/KW e . 
All other vehicles were assumed to have power at a penalty of TOO LB/KW e . 

2.4 Maintainability and Reliability 

Maintainability and reliability for the purposes of this work re- 
solve down to the amount of crew time necessary to repair the system, plus the 
amount of redundancy which must be designed into the system and the weight of 
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spare components which mus.t be carried. Yakut et al (Reference [1*9]) pre- 
sented the projections given in Table B-2 which estimate the weight of spares 
which must be carried on a mission to achieve the indicated reliability. 
Jennings (Reference [50]) presented results of a study on "Maintainability and 
Reliability of Environmental Control/Life Support Systems" , which estimates 
the time required for unscheduled maintainance of an entire regenerable EC/LSS 
as 10 minutes per day, and for scheduled maintainance at 36 minutes per day. 

The assumptions made for this study were based on the above men- 
tioned work. The approach is to provide redundant systems plus spares and 
to account for crew time required for scheduled and unscheduled maintenance. 
Table B-3 presents the redundancy and spares considered for each mission. 

The systems are assumed to have a parallel redundant system with cross-over 
capability plus spares. The scheduled and unscheduled maintenance time were 
estimated 5 minutes and 15 minutes per day, respective _ 7 for all missions 
except lunar surface .EVA. Preliminary results indicateu ^nat maintenance 
time was not a significant parameter in system selection; and thus more 
accurate figures for each system were not developed. 

2 , 5 Crewman Time Cost 


The cost of crewman time can be estimated in several ways, all of 
which may be debatable. For the purposes of this study, the cost of crewman 
time is taken as the mission total cost divided by the number of crewman hours 
available for useful work. Establishing either of these numbers is difficult; 
and the latter is particularly difficult on missions with small crews and a 
large amount of housekeeping tasks, such as the Apollo flights. It could 
also be argued that, at times, the Apollo crew had nothing much to do. 
Determining the cost basis is also problematical because of questions such as 
whether or not vehicle development costs should be included. On Apollo, the 
total development cost of over $20 billion could be used along with the roughly 
20 hours of crew time which have been spent in EVA on the moon to date; for an 
Apollo crewman EVA time cost on the lunar surface of $1 billion/hr. 

In this work, the useful crew time is taken as 75% of the total 
available based on an 8 hour- day, or 6 hr /day per crewman. The value for 
Crewman Time for the various missions is given in Table B-4, which also shows 
mission duration, mission cost, and crew size. Vehicle development costs have 
been excluded. These results are very primitive, and give only a rough 
approximation of the value of crewman time. The assumption is also made that 
there be sufficient useful work (other than in maintaining the vehicle) required 
to expend 1.3 million manhours over a ten year period, as in the case of Earth 
Orbit Space Base. 

2.6 Trade Factor Summary 

Table B-5 presents a summary of the specific Trade Factors used 
in this work, based on the preceding discussion. 


B-12 



TABLE B-2 


SPARES FOR THERMAL CONTROL 
SUBSYSTEM (FROM REFERENCE ' [ 49 ] ) 


MISSION DURATION, DAYS 


All Systems Independent 
of Crew Size 


90 180 hOO 800 2000 

0. 5(0.9) 1.13(0.9) 2.2-(0 .9) 

1.8(0.99 99) 2.7^(0.9999) 1*. 72(0. 9999) 


NOTE: Pairs of points denote ratio of spares weight to subsystem 

Weight Corresponding to subsystem reliability, in parentheses. 
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TABLE B-3 


REFRIGERATION SYSTEM REDUNDANCY 
AND SPARES REQUIREMENT 


SPARES (NOT 
INCLUDING 

MISSION REDUNDANCY RADIATOR ) 

Earth Orbit 100# 25# 

Lunar Orbit 100# 25# 

Lunar Surface Base 100# 30# 

Lunar Surface EVA 50# for Emergency System 

Mars Excursion 200# (Except 100# on 50# 

Radiator) 
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** Based on launch cost plus supplies cost 



TABLE B^5 

TRADE FACTORS (LOWER CASE LETTERS IN EQ. B-j>) 
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3.0 


REFRIGERATION SYSTEM (ACCOUNTABLE FACTORS) 


The Accountable Factors, which are represented in Equation B -2 
by capital letters ( V, NR, UC, W, T, etc) represent such factors as 
refrigeration system cost, weight, and required crewman time for repairs. 

These accountable factors are related to the individual refrigeration system, 
rather than being related to the mission or the vehicle. Of course, the 
individual refrigeration systems may have different characteristics for the 
different missions. The accountable factors used in this study are discussed 
in the following sections. 

3.1 Refrigeration System Weight - W 

The optimum refrigeration system fixed weight was found to be a 
linear function of heat load regardless of mission (for missions considered). 
The fixed weights used were: 

(1) Vapor Compression (R12): 7*6 lb/KW^ 

(2) Vapor Absorption (R22/El8l): 24 lb/KW^ 

(3) Vapor Absorption (LiBr/H^O) : 35 lb/KW t 

(4) Vapor Absorption (LiBr/HgO-Turbine/Compressor ) : bO lb/KW^ 

(5) Vapor Adsorption (H 2 0/Zeolite ) : 45 lb/KW t 

(6) Radiator System (R2l): 5*6 lb/KW^ 

The radiator weight was based on the heat load of the system, the 
optimum radiator temperature given in the RSPLAT run (.Appendix C) 
and the radiator weight penalty assumed for the particular mission. 

The RSPLAT routine is discussed in Appendix C, with the equations 
used in the routine being given in Appendix C and the results of all runs 
used being given in Appendix D. The refrigeration systems were optimized 
for minimum weight based on radiator (i.e, , condenser) temperature for each 
mission except in the case of the area limited radiators for the space 
shuttle and space station where the minimum radiator temperature high enough 
to obtain the desired heat rejection was used. The required power system 
weight is the difference between the total system weight and the sum of the 
fixed weight and radiator weight for each system. It was necessary to estab- 
lish the fixed weight, radiator weight and power system weight of each refrig- 
eration system because the costing technique evolved in the next section 
required that each of these be known. 

3.2 Development and Unit Costs - NR and UC 

3.2.1 Mechanical Component Costs 

The NASA-MSC recently reported non-recurring and recurring costs 
for spacecraft and aircraft thermal control systems in Reference [52] are shown 
in Table B-6. 
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TABLE B-6 AEROSPACE ECS COSTS 


NON-RECURRING RECURRING 



COST 

COST 



$ MILLION 

♦/lb 

$ MILLION 

♦/lb 

Apollo ECS (LM + CM) 

100 

100 , 000 * 

7-5 

7 , 500 * 

Gemini 

34 

65 , 000 * 

1.65 

3 , 150 * 

Mascot " 90 "*** 

120 


7-5 


B-70 

12.48 

2 , 270 ** 

> 1.6 

291 ** 

X-15 

1.46 


Unknown 



* Weight from Reference [46]: 980 lb total for LM and CSM 

ECS; 523 lb for Gemini 

** Weight from Reference [47]: 5500 lb (Dry) for the entire ECS 

*#* Prom Reference [52]: For the Apollo Program 


In 19675 Mandell (Reference [46]) reported the Spacecraft ECS 
costs given in Table B-7« 


TABLE B-7 SPACECRAFT ECS COSTS 


* 

LM 

CSM 

Gemini 

'Mercury 

Weight , lb 

380 

600 

523 

135 

Non-Recurring Cost $ Million 

15 

75 

13 

- 

1st Item Cost $ Million 

1.7 

1.18 

1.65 

- 

Non-Recurring .Cost $/lb 

39,500 

124,000 

25,000 

50,000 

1st Item Cost $/lb 

4,500 

2,000 

3,150 

1 ,000 


Based on the cost of 10 flight and 7 training Portable Life Support Systems 
(PLSS) in Reference [48], and weights given in Reference [38], the PLSS*unit 
cost is $10,000/lb. Mandell recommends a graphical costing procedure in 
Reference [46] which uses the cost per pound of a specific type of component 
as a basis. This approach is used throughout industry for estimating costs 
of future systems based on previous experience, and it can be highly accurate 
under ideal circumstances. The early spacecraft ECS components which were 
developed are probably a typical for several reasons; (l) the techniques 
used for accomplishing environmental control had been little used previously, 
(2) the limited weight capabilities of the launch systems in use required 
unusual optimization of component design, (3) expensive component and system 
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qualification testing requirements were imposed by safety considerations, 

(4) components and systems were required to function successfully for rela- 
tively long periods without inspection or maintenance, and (5) the vehicles 
were used only once, and each design was used for only a few flights, so 
there is little opportunity for gradually uprating the vehicle capabilities. 

It is believed that future spacecraft development and unit costs will more 
nearly parallel those of advanced aircraft than the early spacecraft. The 
B-70 air vehicle, developed in the late 1950's, contained a vapor compression 
refrigeration system. This was the first high performance aircraft to contain 
a vapor cycle refrigeration system to the author's knowledge. The cost of an 
advanced spacecraft, or a shuttle Orbiter Aerospace Vehicle, should parallel 
the B-70 ECS costs much more closely than spacecraft ECS costs, in the 
author's opinion. The restrictions on. the NASA budget will probably be re- 
flected in a reduction in development costs, and perhaps in an increase in 
recurring costs. The development of lower cost launch systems will reinforce 
this trend since "heavier components will be permissible, thus reducing the 
need to optimize component weight, increasing component inherent reliability, 
and reducing the need for extensive testing. Krantweiss (Reference [47]) has 
given the data on the B-70 vapor compression refrigeration system shown in 
Table B-8 . 


TABLE 3-8" B-70 AIR CONDITIONING SYSTEM 


# 


Working Fluid 
Evaporator Heat Load 
Power Required 

Refrigeration System Package Wt. 

Turbine Driven Compressor Wt. 

Component Costs: 

Refrigeration Package 
Turbine - Driven Compressor 

Unit Costs : 

Refrigeration Package $/lb 
Turbine Driven Compressor $/lb 

Assumes 4# per year inflation 


= Freon 11 
= 12.5 Tons 

= 106 Shp . 

= 610 lb (including a 

195 lb Frame) 

= 91 lb 

= $255,400 

= $ 43,500 

I960 $'s 1970 $'s* 

= 4l8 620 

= 480 710 


By way of comparison, a 15 ton Chrysler Air— Temp railroad car air conditioning 
unit costs $1600 (not including air ducts or installation) and weighs 1100 
lb, for a unit cost of $1 . 46/lb. The compressor costs $1. 75/lb. The rule 
of thumb for cost of an installed commercial air conditioning unit is about 
$2/lb. The authors believe that the B-70 refrigeration system unit cost of 
$620/lb (in 1970 dollars) is more representative of the costs to be expected 
for future spacecraft thermal control system (TCS) components than early space- 
craft TCS components. Similarly, the development costs should be more in 
line with the $3360/lb (in 1970 dollars: $2270/lb in i960 dollars) than 

previous spacecraft development. Thus, a component recurring cost of $600/lb 
has been assumed for this work. The development cost of the vapor compression 
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system/ is estimated at $6000/lb (which is consistent with the order of magnitude 
greater recurring cost over non-recurring costs indicated in Tables. B-6, B-7, 
and B-8) . It is assumed for this work that the development cost of a refrigera- 
tion unit would be about the same for any capacity unit over the range of 
capacities being considered (35,000 BTU/hr - 400,000 BTU/hr). This 3 to 30 ton 
range represents neither extremely small nor extremely large units. The 
specific costs for each system assumed are given in Table B-9. 


TABLE B-9 REFRIGERATION SYSTEM DEVELOPMENT COSTS 



DEVELOPMENT 

COST 

($ MILLION) 

APPROX.* 

WEIGHT 

LBS 

UNIT DEVELOPMENT 
COST 
($/LB ) 

Vapor Compression 

3.5 

580 

$6000 

Vapor Absorption (R22/El8l) 

5-5 

1830 

3000 

Vapor Absorption (LiBr/H20) 

4.5 

2660 

1700 

Vapor Absorption (LiBr/HgO + 
Turbine/ Compressor ) 

7.0 

3040 

2300 

Vapor Adsorption (H20/Zeolite ) 

4.5 

3440 

1300 


* Based on a 260.000 BTU/HR (76 KW _ . ) system 

cooling 


The heat-driven refrigeration systems have been assigned lower development 
costs on a per pound basis because they tend to be heavier and to have fewer 
rotating parts such as the compressor. The LiBr/H20 vapor absorption system 
with the turbine /compressor has rotating parts, and so has the highest 
development costs. The R22/E181 system has a relatively higher cost because 
it requires development of a direct absorber radiator (for the minimum weight 
system considered). Development costs are considered to be amortized over 
the rather arbitrary number of vehicles shown in Table B-l. 

All of the refrigeration systems require a radiator for heat 
rejection. The radiator cost is considered separately for each system. The 
costs assumed are: 

Simple radiator system development: $2 Million 

Condensing radiator system development: $2.5 Million 

Radiator recurring cost: $100/lb (This is based on aircraft 

fabrication costs of $100/lb-see Reference [36]). 

. 3,2.2 Power Costs 

Systems which require a large amount of power for operation 
relative to the power capacity of the entire vehicle, as some of the refrigera- 
tion systems do, should be charged with the appropriate portion of the power 
system equipment cost. In the units which have only small power requirements, 
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this may not he true since power systems usually are packaged in a modular 
fashion, and so some excess capacity is usually available. In this study, 
all refrigeration systems with a power requirement are charged with a 
recurring cost penalty as well as with a weight penalty. The power system 
development cost is not charged to the individual systems. The recurring 
costs for typical spacecraft power systems (not including launch costs) are 
given in Table B- 10 . The additional recurring costs are very speculative. 

The solar cell system cost includes a deployment mechanism, structure, and 
a propulsion system with propellant for one year, in addition to the solar 
cells. The propulsion system is required for station keeping to off-set 
drag on the solar cells which tend to slow down the vehicle, and as a result to 
change the vehicle* s orbit. It is estimated that only a fraction of the 
original cost will be required to enlarge the power system. This may not be 
true after some critical size of the solar cell power system is reached. The 
add-on costs for the nuclear system are estimated to be much closer to the 
original cost because such a large portion of the cost is represented by 
fuel cost (Reference [ 44 ]). Because of the uncertainty in these numbers, 
various values from $50/W e to $350/W e were considered. 

TABLE B-10 

RECURRING COST* <NOT RECURRING COST 


POWER SYSTEM RECURRING COSTS 

INCLUDING LAUNCH 
COST) 

$/WATT 

PENALTY FOR 
INCREASING POWER 
SYSTEM SIZE 
$/ WATT 

Solar Cells (Silicon Cells) 

350 

150 

Solar Cells (C^S Thin Film) 

125 

50 

Isotope Brayton (P u 238 Heat 
Source) 

1800 

1750 

Radio isotope^ Thermoelectric 

58 

50 

Reactor Rankine 

42 

4o 


* From Reference [ 44 ] 

3.3 Refrigeration System Maintenance Time Requirements (T) 

i Refrigeration system maintenance times were discussed in Section 

2.4 of this Appendix. It was assumed that the scheduled and unscheduled 
repair times for all systems are essentially the same. For the earth orbital 
missions the total cost of repair time for each system in a long duration 
mission would be: 

( 1/3 hr/day) (360 day/yr) (10 yr) ($1550/hr) = $186,000 

A variance of +_ 50 $ on this value would not he highly significant compared to 
the total system costs; and therefore, no attempt was made to further refine 
the estimates of required maintenance time for each of the individual systems. 
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3.1+ Refrigeration System Volume - V 

The volume of the refrigeration systems were estimated as follows : 

(a) Fixed Volume 

The volume of the refrigeration system hardware was based on the 
somewhat arbitrary packaged density of 12 lb/ft 3. 

(b) Radiator Volume 

The volume of the required R21 radiator system was based on a 
density of 0.01 6 cu. ft. per sq. ft. of radiator area. For the Rll condensing 
radiator the volume was 0.032 cu. ft. per sq. ft. These densities are based 
on 3/16" and 3/8” diameter tubes, respectively. 

(c) Power System Volume 

The power system density was estimated as 48.3 cu. ft./KW e - 
This is based on the density of a fuel cell power system. 

3 . 5 Technical Risk - TR 


The technical risk for each system was assigned as a percentage of 
total system weight. The numbers used, which were based on judgment of com- 
plexity and development experience with similar systems, were: 

Vapor Compression: 15 % 

R22/E181 Absorption: 50 % 

LiBr/HgO Absorption: 50 % 

LiBr/HpO Absorption With a Turbine/Compressor : 60 % 

Vapor Adsorption: 50 % 

3 . 6 Waste Heat Cost 

There was no penalty associated with heat driven refrigeration sys- 
tems for the cost of heat. There would be such a cost in an actual system 
for : 

(1) Plumbing and heat transfer equipment required to transport 
heat from the power generation equipment to the refrigeration equipment. 

(2) Degradation in power system performance if waste heat were 
required at a temperature above the optimum heat rejection temperature, which 
is around 250°F. (For example, waste heat at 600°F supplied to an adsorption 
refrigeration machine would greatly reduce the thermodynamic efficiency of a 
Brayton Cycle Power System). 

(3) Higher integration costs associated with interfacing a heat- 
driven machine with the power system heat rejection system. 
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3.7 


Vehicle Integration Project and Administrative Costs - SI 


It has heen assumed that the integration costs for all refrigeration 
systems would be the same. This is probably a good assumption, except for 
the heat-driven refrigeration machine interface with the heat rejection system 
of the power plant. The project and administrative costs are assumed to be 
the same for all systems. That is, the time thus spent by NASA and support 
contractor personnel would be about the same for any system. 

3.8 Accountable Factor Summary 

The Accountable Factors considered in this study are s umm arized 
in Table B-ll. 
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ACCOUNTABLE FACTORS 
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4.0 


EXAMPLE TRADE STUDY 


An example ranking of a vapor compression heat rejection system with 
a deployed radiator system in a space station, area limited application is 
presented herein to clarify the application of the trade and accountable factors 
in the ranking function. A brief discussion of the procedures employed in 
estimating each factor and of the design philosophy is included. 

A vapor compression refrigerator with a condensing radiator is 
compared with a deployed radiator system for an earth orbiting space station. 
Studies of the space station prototype, SSP, (Reference [42] have shown that a 
deployed system will be required because the available integral vehicle area 
is too limited with the effective sink temperatures in near earth orbit. 


The operating environments for the two systems are assumed to be 
different, since the deployed radiator may be oriented so that it always faces 
a cold sink (no vehicle orientation penalty is incurred since the position of 
the space station is already constrained by the solar cell power generation 
system). Although it is recognized that the environment is characterized by 
basically a transient condition with a distributed sink temperature, steady 
state conditions are assumed to apply, with only one sink temperature. This 
assumption will penalize the vapor compression system; however, the uncertain- 
ties in the effective sink temperature of integral area and in its availability 
are sufficiently large that a conservative assumption is justified. The 
effective operating conditions for the two systems which are assumed to be 
applicable are as follows : 



VAPOR COMPRESSION 

DEPLOYED RADIATOR 

TSINK 

20°F 

-T8°F 

AREA 

2500 FT 2 

Not Limited 

FEPP 

500 lb/KWg 

TOO lb/KW 

FRAP 

0.6 lb /FT 2 

1.5 lb/FT 2 

TEVAP 

35°F 

35°F(T avq = 


Since solar cell power incurs a penalty of 700 lb/KW e for full orbit (with 
shadow) but only 300 lb/KW 0 for sun side only power, the power penalty was 
set at 500 lb/KW e for vapor compression due to the fact that active use is 
required for only part of the dark portion of the orbit (assuming a shadowed 
orbit). One redundant radiator loop is included in the radiator penalty but 
the fin weight is assumed to be existing structure for integral area. A minimum 
temperature of 35°F for both systems is required; the fact that the heat load 
exists at temperatures above 35°F is utilized with the deployed radiator 
system and results in an average heat rejection temperature of 45°F. However, 
a single evaporator and compressor are assumed for the vapor compression so that 
the thermodynamic advantage of a distributed heat source is. not utilized. 
Obviously, the vapor compression system has not been optimized, but the 
operating conditions are at least representative of a space station application. 
(The intent of this study is to select a system for development for a future 
application. A detailed optimization for a particular application cannot be 
performed until all factors in the trade as well as the implications and effects 
on other systems are known). 
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The above conditions were used to evaluate the weight of each 
system with the RSPLAT data in Appendix C. The weights are as follows : 


VAPOR COMPRESSION 
DEPLOYED RADIATORS 


TOTAL WEIGHT (W. ) 

J 

135 lb/KW c 
85 lb/KW c 


FIXED WEIGHT (FWT) 

7.6 lb/KW c 
11.2 lb/KW c 


The fixed weights were calculated from individual system analysis (References 
[ 18 ] and [53]), and are not available from RSPLAT. 


The volume attributal to a heat rejection system is the sum of 
the volume occupied by the fixed components (pumps, compressors, motors, 
controls, lines, etc), the radiators, and the power system penalty. The 

specific volume, V., is given by the following equation: 

J 


where : 


FWT 

12 LB/FT 3 


+ (DR) . (AR) + 


48.3 ft 3 
EPUF KW 


(B-ll ) 


FWT 

DR 

AR 


EPUF 


The specific volume in FT 3 /KW c 

The fixed weight in lb/KW c assumed to be installed 
at an average packing density of 12 LB/FT3 

The diameter of the radiator tubes, 3/1 6 inch for 
deployed radiators and 3/8 inch for condensing radiators 

The area required or available per unit thermal load 
in FT2/KW C [71 ft2/KW t (20°F sink) for V-C radiator, 

49.3 FT2/KW C (-78°F sink) for deployed radiators]. 

The electrical power utilization factor in KW Q /KW e 
(59 tor radiator, COP = 6.6 for vapor compression). 


The equivalent volumes 


for the two systems are as follows : 


VjOC.C) 


■ 0 


Vj(D-R) 


7.6 (3 ) 

12 ( 8 ) ( 12 ) 


(71) 


48.3 

6.6 


FT- 

KW^ 


[ 


10.17 ft 3 /kw c 

1Ll 2 / 3 w 1 \ (49-3) 48.3 

12 V lbXl2 7 1 59 


FT- 

KW. 


= 2.52 FT 3 /KW r 
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The above accountable factors complete the data required to 
describe the system as launched. However, since the number of missions 
is small, the development costs are significant and were estimated in Section 
3.2 of this Appendix, as follows; 

VAPOB COMPRESSION . 

CONDENSING 2,5 MILLION $ 

RADIATOR 

COMPRESSOR, EVAPORATOR, 3.5 MILLION $ 

CONTROLS 


TOTAL 


6.0 MILLION $ 


DEPLOYED RADIATOR- 


CONVENTIONAL RADIATOR 

FLUID SWIVELS, SUN 
SENSORS, CONTROLS 

TOTAL 


2.0 MILLION $ 
2.0 MILLION $ 

lt.0 MILLION $ 


The trade factors must be assigned considering the number of 
and requirements of missions, construction costs, and redundancy as well as 
the launch system. For this example, it is assumed that three missions with 
a heat load of 35*2 KW C are to be conducted. Redundancy is set at 125$ of 
the fixed weight with one redundant radiator loop (this loop has been in- 
cluded in the radiator penalty factor). No redundancy for power is assigned 
since this factor is included in evaluating the power penalty factor. 
Construction costs were set at 100 $/LB for structure and power but 600 $/LB 
for the valves, pumps, compressors, controls, etc., in the fixed weight. The 
launch system is assumed, $6 be a shuttle with a launch penalty of 200 $/LB 
and a volume penalty of 4.72 LB/FT3. The trade factors required in 
Equation B-7 are summarized as follows: 


TRADE FACTOR 


VALUE* 


Number of missions, n 
System Size, q 
Launch Cost, b 

Launch system specific volume v 
Redundancy Factor, f 


3 

35.2 KW C 
0.00020 MB /LB 
1*.72 #/FT 3 

1.25b = 0.00025 MB/LB 


* One MB is a Mega Buck ($1,000,000) 
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These factors are applied with the accountable factors for each 
system employing Equation B-7 as follows: 

-HR + q [(0.0001 + b) W + (0.00050 + f) FWT 
n j J tj - 

w, 

bv (Vj - ^-J] 

For the Vapor Compression System 

E(V-C)= ^(6) + 35.2 [(0.00010 + 0.00020) 135 

+ (0.00050 + 0.00025) 7.6 
+ (0.00020)(U.72)(10.17 - J^g)] 

.2.0 + 35.2 [(0.00030) 135 + (0.00075) 7.6 

+ .(0.0009MO (±9t17 2§-r # 1 ^ 

E(V-C)= 3.62 MB - 

•This term set equal to zero since no premium is allowed for volume not used. 

For Deployed Radiators 

E(D-R)= ^ (1+) + 35.2 [0.00010 + 0.00020) 85 

+ (0.00050 + 0.00025) 11.2 

8 s 

T (0.00020) (U.72) (2.52 — yjj) ] 

1.333 + 35-2 [(0.00030)85 + 0.00075) 11-2 
+ 0.0009^ (2t52 

E(D-R)=, 2.53 MB’ 

For the conditions established for this example, it is apparent 
that a deployed radiator would be more effective than a vapor compression 
system employing a limited amount of integral area. Since the ranking 
function is quantitative, the savings will amount to about one million dollars 
a mission. Subjective factors (such as interference with a docked or 
approaching shuttle, or the possible use of an artificial gravity field) have 
not been considered. Assuming that such factors can be classified as either 
a procedural problem or a design requirement, those systems which would be 
affected have previously been eliminated. 

The uncertainty in the actual system performance could be signi- 
ficant to the ranking of the systems. Assuming that the technical risk with 
both systems is + 15%, i.e., that the actual system cost is 15 % more than 
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calculated herein, the sensitivity to the ranking function to this uncer- 
tainty is given by Equation B-9 as follows: 

AEj (wvj = q. (100 + b) AWj 


For Vapor Compression 


E (V-C) = 35.2 (0.00010 + 0.00020) 135 (0.15) 

= 0.21 MB 


For Deployed Radiators 

E (D-R) = 35.2 (0.00010 + 0.00020) (85) (0.15) 
= 0.13 MB 


Clearly, for the specified conditions, the uncertainty levels 
are sufficiently low so that the selection of deployed radiators over 
vapor compression refrigeration can be made with assurance. 
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REFRIGERATION SYSTEM COMPARISON 
PLOT ROUTINE 
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APPENDIX C 

REFRIGERATION SYSTEM COMPARISON 
PLOT ROUTINE 


1.0 METHOD OF SYSTEMS' COMPARISON 

The computer routine described in this appendix was written to 
facilitate optimization of the weight of the candidate refrigeration systems 
under the various anticipated operating conditions. This routine, called the 
Refrigeration Systems Plotting and Linearized Analysis Technique (RSPLAT) employs 
algorithms for calculating the equivalent weight of each candidate system as a 
function of the operating conditions and penalty factors. The weight estimates 
which are calculated by this routine are functions of four quantities which can be 
defined to characterize any probable application: 

- TEVAP, evaporator temperature (°F) 

- TSINK, sink temperature (°F) 

- FEPP, electrical power weight penalty (#/KW^ ec ) 

- FRAP, radiator area weight penalty (#/FT2) 

Each refrigeration system is then described by four parameters which are input 
as functions of the difference between the effective system radiating temperature 
and the evaporator temperature. These parameters are: 

- COP, coefficient of performance 

- FWT, fixed system weight (components) (#/KW coq .^ ) 

- EPUF, electrical power utilization factor (KW . /KW .. ) 

cooling elec 

- EFF, ratio of actual system COP to Carnot COP between the 
same temperatures (work driven systems only). 

The output of this routine is a set of computer plotted curves. 

Total system weight (including assigned penalties) is computed and plotted as 
a function of radiator temperature (TRD). For a single value of radiator 
weight penalty, individual curves are computed for every refrigeration system. 

So that, for each value of FRAP, a complete set of curves are generated per 
grid. Each grid output by the program then represents an application charac- 
terized by the values of TEVAP, TSINK, and FEPP. 
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2.0 


COMPUTER PROGRAM DESCRIPTION 


The total system weight (WT) calculated for each system at any 
particular set of environment conditions is the sum of three terms. These 
include the weight quantities contributed by the electrical power penalty 
(EPPT), the radiator area penalty (FPT), and the fixed weight quantity (FWT). 

WT = EPPT + FPT + FWT (LB/KW, ) 

-tP 

Each of these terms is computed using the four parameters that 
describe the system. The electrical power term is found by: 

EPPT = FEPP (gp^T-) (lb/KW t ) 

where EPUF is the dimensionless ratio of heat load removed by the system to 
the total electrical power required. The radiator penalty is given by: 

HPT = (1 + _1_ ) (§j£y) (lb/KW ) 

where heat rejected through the radiator per unit area is: 

QREJ = .0000152 [< 3^ h6o ) h - ( TS ™ 0 + (ge> 


The fixed weight quantity is the sum of the individual system component 
weights 


FWT 


- 


components 


(lb/KW ) 

-(? 


The four parameters (GOP:, FWT, EPUT, and EFF) which serve to des 
cribe the individual systems are input to the program as functions of tempera- 
ture difference (TRAD-TEVAP) . These functions are approximated by straight 
line segments which are applicable over a limited temperature range. Two 
points on each line and the maximum temperature difference to which the line 
pertains are input to define the equation of the individual segments. For 
the fixed weight term the form of the equation is: 

Y1 —YP 

FWT = ( ^^ g ) (TDIF-T1) + Y1 (lb/KW) 


where 


Y1 & Y2 are ordinate values of the two points on the line 
T1 & T2 are abscissa values of the two points on the line 
TDIF is the temperature difference (TRAD-TEVAP) 


Written in the form used in the computer routine, the basic weight 

equation is: 


W(I) = + FWT(l ) + RPT(I) 


where : 


RPT(I) = (1 + 


COPU) ^ ^ <j £ [trad 1 * - TSIHK 1 *] 


FRAP 
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and: . 


W(I) 

FEPP 

EPUF(I) 

FWT(I) 

RPT(I) 

COP(I) 

EFF(I) 

FRAP 

e 

a 

TRAD 

TSINK 

TEVAP 


The equivalent weight of system "I", pounds per 
kilowatt of cooling. . • 

The factor for electrical power penalty (LB/KW) 
(electrical.)) 


The electrical power utilization factor [KW(cooling)/ 
KW (electrical)], a function of TRAD - TEVAP for 
system "I", and including component inefficiencies 
The fixed weight total in LB/KW (cooling) including 
any thermal energy penalty, a function of TRAD - TEVAP 
for system "I" 

The radiator penalty total, in LB/KW (cooling), a 
function of COP, TRAD, FRAP, and' TSINK given by 
the second equation above for system "I" 


The coefficient of performance for system "I", 
KW (cooling) per KW of driving source (thermal 
or mechanical). A function of (TRAD - TEVAP). 
For a mechanical work system, 


COP(I) = EFF(I) 


(TEVAP) 

(TRAD - TEVAP) 


The net efficiency of the mechanical equipment in 
the vapor compression refrigerator 


The factor for radiator area penalty, (LB/ft^) 


The emittance of the radiator, 0.9 was used in this 
analysis 


The Stephan-Boltzmann constant 
The effective temperature for radiation heat, 
rejection, °R - this was taken as arithemetic 
average fluid temperature minus 10°F 

The effective temperature for the radiation environ- 
ment. A function of the orientation and spectral 
properties of the radiator 

The effective temperature of the evaporator or mean 
temperature at which the thermal load is transferred, 
°R 


In computing the system weight the routine begins at a radiator 
temperature equal to the evaporator or sink temperature, whichever is larger, 
and calculates weight totals at fixed increments of radiator temperature 
until a maximum temperature value (TMAX) is exceeded. Each point for a 
system curve is then plotted . Should the value of ( TRAD-TEVAP ) exceed the 
maximum temperature difference of the last line segment for any of the fixed 
weight parameter s, the routine provides that the iteration stop and the 
weights calculated for the system be plotted. 


For each plot generated,the weight totals for every system are 
computed with one or more values of radiator area weight penalty. A separate 
curve is plotted for each area penalty value. 
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For the five systems considered to he most applicable to space 

environment use, Table C-l presents the system parametric data as input to the 
routine. In the table, the first row of each parameter column corresponds 
to the equation of the line valid from TDIF = 0°F to TDIF = TMAX. In the 
cases where more than one equation is needed to approximate the parameter 
versus temperature function, the succeeding rows of data are applicable 
from temperatures greater than the maximum temperature of the first row to 
the next TMAX value. 


The vapor compression system, unlike the other systems con- 
sidered, has a COP value that is highly dependent on evaporator and 
radiating temperatures. To provide for this characteristic, the EFF data 
is input as a function of temperature difference like the other parameters, 
but is only used if the TMAX value is a quantity greater than zero. A test 
is provided in the routine for this case. When the EFF value of any system 
is to be used, a set of EPUF and COP values is computed as follows: 


and 

where 


COP = EFF ( ccop) 
EPUF = COP 


CCOP is the COP value of a Carnot type refrigeration system operating between 
the evaporator temperature and the effective radiator temperature. It is 
found by : 


CCOP = ( 


TEVAP+460 

TRAD-TEVAP 


) 


If these values of COP and EPUF are computed, the data input 
for the system for these parameters is not used by the routine. Because 
this routine computes and plots total system weights as a function of radia- 
tor temperature, lowest system weight for any application corresponds to an 
optimum radiating temperature. For individual systems, this minimum point 
can occur at different temperature values depending on the radiator penalty, 
and electrical power penalty. The plot comparison then defines not only the 
lightest weight system, but the optimum design radiator temperature for 
each type of system. 


Data for each refrigerator were obtained from individual cycle analyses 
and correlated for a large system in steady-state operation as a function of 
(TRAD - TEVAP ) , since theoretical considerations (as an example, the COP of 
a Carnot refrigerator) demonstrate that this ^T is the primary variable in 
evaluating the performance of a refrigerator. The routine employs linear 
interpolation between input data points which are presented in Table C-l 
for the five active systems presented above. The data in Table C-l are sup- 
plied to the routine as two points on a linear segment of the curve describing 
the function and a maximum temperature (TMAX), unless otherwise specified, the 
range of validity is from 0°F to TMAX or the previous TMAX to the next value. 

The routine performs an internal check so that heat-driven or shaft-driven 
refrigerators can be compared simultaneously on machine plotted graphs. The 
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RSPLAT routine was run to generate all combinations of the values for FRAP , 
TEVAP, TSINK, and FEPP given on Table 0-1 resulting in 120 separate plots. 

Each plot is presented in Appendix D and provides the specific weight for all 
refrigeration systems simultaneously as a function of TRAD; thus, in performing 
a trade study, the optimum temperature for each system can be selected for 
a given operating condition. No attempt was made to evaluate other refrigera- 
tion systems or modifications to the basic systems, since detailed knowledge 
of the particular application would be evaluated with the data in Appendix B 
by adjusting the penalty factors. For example, in an orbital application 
with solar cell power, sun side only operation reduces the power penalty factor 
(FEPP) by about one-half, since storage batteries are not required* or two 
separate radiator panels which can shadow each other would be equivalent to 
doubling the radiator area penalty factor (FRAP) but reducing the effective 
sink temperature (TSINK). Obviously, other variations are possible, but 
all of these require knowledge of the particular application. 
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is from 0°F to T or from the previous T MAy to present value. 



3.0 


COMPUTER PROGRAM 


A flow chart of the computer routine is shown in Figure C-l. The 
program calculates the weight of the various system components, sums them, 
and plots them as a function of effective radiating temperature. A complete 
listing of the routine is given in Table C-2. 

Any number of refrigeration systems can be considered. The ones 
which have been characterized for use in this routine are: 

- R22/E181 Vapor Absorption 

- LiBR/l^O Vapor Absorption 

- LiBR/HgO Vapor Absorption plus Turbine /Compressor 

- HgO and Type 13X Zeolite Vapor Adsorption 

- Mechanical Vapor Compression Using R12 


Preliminary analyses indicated that, for the range of conditions being con- 
sidered, these systems are the most competitive from a weight standpoint. 
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Read Plot Axes Labels 


NTEMP = NT 
NSYM = 1 


Read Grid Max St Min Limits 


DO NQ- = 1, 


Read Values of 

Radiator Area Penalty (FRAP) 


DO NS = 1, NSYS 


— <C^FRAP (NQ) 

|So 

.DO NT' =1, NTEMP 


Read Singl 

e System Parameters 

- J = 1 

For COP Data 

-3 = 2 

For EPUF Data 

• - J = 3 

For FWT Data 

- J = 4 

For EFF Data 


DO J s 1, 4 


Compute COP, EPUF, FWT for Single 
TRAD 


^ Test for COP^- 
— O ^^^--dSeTng input as function of 

Carnot COP 

(NCARD)(NS) 


Read po^vta (Tl, T2, Yl|, Y2, TMX) re- 
presenting linear, approximations of para- 
'meter data versus ‘difference between 
radiator and evaporator temperatures* - 
R>ead number of linear curves per para- 
meter ’ (NCARD) 


Read FEPP, TSINK, TEVAP For 
Single Plot. 


Compute EFF 


Compute COP, EPUF 


Compute EPPT, RPT, WT(NT) 


(FEPP 
Draw Grid 


NTEMP - NT 


Draw Curve for System (NS) and 
« FRAP(NQ) 


DO NS = 1, NSYS 


Alter Symbol to be plotted 
Hem - NSYM + 1 


InitiaLze Value 
TRAD = TSINK or 
TRAD = TEyAP 


DO NT = 1, 250 


Compete Radiator Area Required 
and Carnot COP at TRAD = TRD(NT) 


FIGURE C-l 

Flow Chart of Plot Routine 


TRAD = TRAD + DELT 


TRAD-TMAX 
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TABLE C-2 
PLOT PROGRAM 


I * 
2 * 
3 • 
9 * 
5 • 
6* 
7 * 
8 • 
9 * 

l n. 
i I • 
I 2* 
1 3 * 
I 9* 
1 5 * 
18* 
17 * 
18* 
19 * 
20 * 
21 * 
*• 2 * 
3* 
29* 
25* 
28* 
27* 
28* 
29* 
30* 
31* 
32* 
33* 
39 * 
35* 
38* 
37* 
38* 
39* 
90* 
*t 1 • 
92* 
9 3* 
99 * 
95 * 
96* 
97* 
8* 
•*9* 
50* 
51* 
52* 
53 * 
59* 
55* 


DIMENSION 
0 I Mt NS I On 
DIMENSION 
0 I MtNS 1 On 
D 1 MtNS I On 
0 I MtNS I On 
D 1 MtNS I On 
D I M tNS 1 On 


T T e V p ( 3 ) t T TSK ( 3 > ,tfP'* , 3I 
BCDRD 1 3 1 • F D V ( 3 ) 

T 1 (8,9,8) t T 2 < B . 9 i 8 ) »Yl (8,9,81 » Y 2 * 8 , 9 , 8 ) , T M x ( 8 , 9 . 8 » 

F R A P ( 8 ) , t R T ( 250 > 

C0P*2S0) » R T ( 250 1 i T r D ( 2 5 0 3 » CCOP < 2 50 ) » QRE j ( 250 ) »EPUF (2501 
DPXI2I ,0^7(2) , V A R ( 14 1 ,NCAR0(8,9) 

TTLSySI I 2,fi) 

B C D X ( I2> • B C 0 Y ( 12 > 


0 1 MtNS 1 ON S YM ( 1 5 ) 

DAT* ( BCPx ( I ) ^ ! ■ 1 ,8 ) /30HRA9 I A T0« TEMrERAturE - DE f. F / 

DATA IBCDYI 1 1 » !■! ,5)/30HT0lAL SYSTEM RElGHT - I.B/kR / 

DATA ( TFPp ( I) , 1 ■ 1 ,3 ) / 1 8HFEHP * LB/KR/ 

DATA ( TTSK1 I ) , I* 1 , 3 ) / i 8HTS INk » F / 

DATA I ttevpi I > , 1>1 *3) / IBHTEVaP * F / 

DAT* SYM(j)/'lH0/SYM(2»21Hl/SYM(3)/fH 2 /sYM(9)/lH3/ S YH(5)/lH9/ 

DATA SYM(8)/1HS/SYM17)/IH8/SyM(8)/IH7/sVm(9)/Ih8/ s yM(10)/1H9/ 

OAT* s y M ( 1 | ) / 1 H 4 /S*N ( 12)'1HX/SYM( 13*/1hVSYM( 1 9 ) / l M"/SYM ( 15 > / |H*/ 
8n FORMAT I 8F 10* 2 ) 

6 1 FORMAT (8110) 

82 FORMAT! 1P8EJ19.3) 

8.1 FORMAT ( 1 2*8 ) 

6<4 FORMAT! 1 H 1 , ’THERE IS A PROBLEM R|TW SOME INPuT PARAMETER') 

85 FORMAT ( 1 H 1 ) 

86 F0rM a t(3x ,'FRAP ■ • • F 7 . 3 , 2 X ; ♦ L B /F T2 * i 1 6 X , * T E V A P ■•,F*.1»» F»,10X, 

t * F E p P «• ,F8. 1 , 2X t 'LB/KW » 10X , ’TSINX ■',F8*1.' F •» 

88 F0RMat!IH0,6X,*TRD(NT)',7X»'rT<NTJ»,7X,'c0P(nT)',7X .'CCOP(NT)', 

1 8 A,'EPPT', 10 X,*RPT*, 9 X,'F«l T !NT)*, 7 x,'EpUF(NT)',/ 2 ) 

89 FORMAT! I5»Fl5.2>9Fl0,2,l8X»l2> 

70 FORMAT ( 3x SYMBOL PLOT TED t » 3X . S A l ) 

RRI ) E ( 8 , 85 ) 

REaO( 5,60) YMJN.YMAX 
RR I T E ( 6 » 6 2 ) YMJN.YMAx 
READ! 5,60) TM I N , TM A x , DEL T 
RR1 t E(6i62) TM!N,TMAx,DELT 
REaD< 5 • 6 I ) NS Y S 
NPL t ■ 0 

C RtAD SyStEm parameters 
C nS is SUBSCRIPT IDENTIFYING SYSTEMS 
C J ■ 1 FOR COP DATA 

C J ■ 2 FOR EPUF DATA 
C J * 3 for FRT ®ATA 
C J ■ 9 FOR eff 9 at a 

00 l 0 2 NS* I , NS YS 

REaO(5,833 (TTLSYS< I ,NS) , 1^1 , 12» 

00 102 J*l,9 

| 0 1 RE AO ( 5 , 69 ) NCD , A ,B »C ,D ,E ,NLAsT 
T1(NS,J,NC0) ■ A 
Y 1 (NS, J,NCD) • B 
T2(NS,JiNCD> ■ C 
Y21NS, J.NCD) p D 
TMX«NS, J.NCO) * E 
FCD » NC D 

RR I T E ( 6 » 6 2 ) FED , A , B , C , 0 , E 
NCaRD(NS.J) * NC D ° 10 

IF(NlaST) 102,101,102 



TABLE C-2 CONTINUED 


06 * 
57* 
58* 

59* 
60* 
6 1 ♦ 
62* 
63* 

6 H * 
65* 
66 * 
67* 
68 * 
69* 
70* 

7 1 ♦ 
72* 
73* 
79* 
75* 
76 * 
77* 
78* 
79* 
90* 

I • 
82* 
83* 
89* 
85 * 
86 * 
87* 
88 * 
89* 
90* 
9 l * 
92* 
93* 
99* 
95* 
96* 
97* 
98* 
99* 
100* 
10 1 * 
102 * 
i 03* 
1 0 8 * 
ins* 
6 * 
* j 7 • 
1 08* 
i 09* 

i i o * 
in* 

U2* 
i 13* 


iO? CONTINUE 

c ptAO grid parameters 

I 6 1 COnT I NUE 

REaD( 5.6P1 FEPPiTSlNK,TEVAP f (FRAp<|4Q)»NQ.l.5) 

IF(FEPP) 6,6, f I 2 
1 I 2 COnT J nUE 
C DRAW GrId 

NSYM a J 
DPX_« 1 ) ■ TS I NK 

D P X < 2 1 • tmax 
OPY (1) ■ THIN 

OP Y • 2 I ■ YMAX 

C 0*4* ‘NO LABEi. GRID A Xt 5 
CALL FILMAJM 1 | 

CALL GR!f>U00,jD20»?5»?72,fS|NK,TMAX,YMlN,YM A X) 

C DfcTERNJNE CHARACTER SIZE 

external tabljv 

CALL CHSIZVI212) 

CALL R I TST# ( I 2 , l 8 . I abl I V ) 

C wRjTE A*ES LABELS 

CALL RITE28(38S*ISi»023i?0»1,30*1,BCdX,N X LI 
CALL RI TE2VI30, 3S0. 1023, 18Qi i,30,i, BcDy.NYL) 

C WRITE GRID IDENTIFYING InFQ 

CALL R j TE2V< 200. 1000, J 023 , ?0 , l , 1 8 , l * TTE Vp , NTfc. > 

CALL RITE2V(200»980, J023 ,99. I , 18, i ,TtSK ,NTL» 

CALL RlTE2V(200,960,i023,90,l,|8ji,TrPp,NTL> 

FDV ( 2 | • TSINK 
PD V I 1 ) « TE V AP 

ED V I 3 ) • EEPP 
DO 190 I « I « 3 

CALL BNBCOVIEOVII > .BCDWDI H ,nDS> 

IE»Nds| 189,189,160 
(89 NDS « 1 

BCD«»0(I) » I H 0 
1 6q NST a 200 ♦ ( 6 «• NO S ) • 12 

NVERT • 1020 *1* 20 
NBCO . 1*& S 9 

CALL R!TE2VlN5T,NVtRT, 1023,90.1 » NDS , NBCO , BCD w O , Ny l ) 

1 9n CONTtNUE 

*R I TE ( 6 . 62 1 TSlNK»TMAX.YMI|M.YMAX.DPX|l), 0 PY<t> 

N PL T a NPLT ♦ 1 

C C*LCULAfE CURVES POR single system 
DO 8* N S a 1 ,NSYS 

C CALCULATE RAOIATOR AREA AND CARNOT COP 
IE ( TE V*P*TSINK ) 123,123,(29 

1 2 R TR AO . TEVAP * .008 

GO TO 125 

1 2 3 TRAD a TSINK ♦ .008 

1 25 continue 

DO «2 N T * | , 250 
T R 0 I M T I ■ TRAD 

QREU(NT) «;0000852»IMTRO(NT)*R60.1/lOO»>**8a((TSlNK 4 R6 0 .)/loO.) 
1 **9 ) 

I F I Tr 0 ( NT ) i-TEV AP ) 120,121,120 

1 2 j CCOP(NT) = 0. 

GO TO 122 

1 2 0 CCOP(NT) a ( TEVAP + 86Q. ) / ( TRD ( NT IwTEV AP ) 

1 2 2 CONTINUE c -H 



TABLE C-2 CONTINUED 


• if* 

MS* 
i 1 4* 
I 17* 
118* 
t I 9* 
1 20* 
J 21 • 
l 22* 
i 2 3 • 

i 2 m* 
I 25* 

I 26* 
1 27* 
128* 

1 29 * 
I 30* 

13 | * 
1 32* 
I 33* 
13M* 
l 35 • 
1 34* 
I 37* 
T '8* 
9* 

1 MO* 
I M | • 
1 M2* 
I M3* 
1 MM* 

r MS* 
1 M4* 

r m 7 • 

r mb* 

I M9* 

iso* 

isj* 

1S2* 
1 S 3* 
i SM* 
1SS* 
l 54* 
I 57 • 
I 58* 
1 5M* 
I 40* 

141* 

14 2* 
143* 

M* 

• o 5 • 
144* 
147* 
1 48* 
I 49* 
» 70* 
17 1* 


TKaD . TRAP*DEL t 

IF ( TR4D-TMAX ) 82 ,82 ,83 

82 CONI I NUE 

83 CONTINUE 
NTfMP ■ NT 

C C A LCULATf CURVES FOR SINGLE VALUE OF FBAp 
DO 90 NQ* I ,S 
F Q » N Q 
FS ■ NS 

IF (FraPINO) ) 5,84.8b 

8S COnT J NUE 

88 I T E ( 4 , 4 5 ) 

"RJTF<4.47> NPLT 
47 FORMAT I 2X’, • PLOT NO* ',IM) 

*R I T E ( 4 , 4 3 ) (TTLSFS(I,NS),I»I,t2) 

OR I T E (4.44) FRAP ( NW ) ,TEVAP*FEPP»TStNK 

*RiTE(4,70) SYM(NSYM),SVM(RSYM),SYM<N5yM),sY,<(nSYm)»SYM(NSYM) 

88 I Te ( 4 .48 ) 

DO 8m NT* 1 , NTEMP 
TO I F . TRDfNT ) wTEV^P 
DO 103 Jsl # 3 
MM ■ NCAR0|NS,J) 

DO 1 OM NCDi* 1 ,MM 

1F1T0IE.TM|(NS,J,NCD)) 1 1 0# I) 0 » 1 OM 
|0m continue 

1 1 0 VArIj) ■ I Y M NS . J. NCO » *Y2 « NS , J ,NCD ) ) / ( Tl ( NS. J. NCD ) -T2 ( NS . j. NCD ) ) 
I *(tDiF w ti(NS|J,nC0))*Y|(BS,J,NCD1 

1 03 COnT I nuE 

IF(T0lF*TM*(NS,3,NCD))IM0.fM0.|S0 
|So NTEMp ■ NT - I 
GO To 290 
| Mp CONTINUE 

C 0 P 1 N T ) ■ V * 8 I I ) 

EPuMNT) • VARI 21 
F4T I NT ) ■ VAR ( 3 ) 

c calculate all points for single system 

C TEST F08 COP BEING INPUT AS FUNCTION OF CARNOT Co? 

IF I T M x«NS»M» 1 M 106, J04.I07 

1 0 4 EFF ■ 0, 

GO TO 108 

1 0 7 MM • nCAPDINS.MI 
DO 209 NCD* I ,MM 

I F ( TOIF -TMXINS.M.NCOI ) 210,210,209 

209 CONTINUE 

NTEMp ■ nT - 1 

G 0 To 290 

2 1 0 EFF * IY|<nS,M,NCD>-Y2INS,»,nCDM/(TiInS,M,NcD)'-T2<N5,m,NCDM 

I *(ToIF-T1(NS,M,NCD) )*YiIN$.m,NCD> 

COplNT) ■ EFF*CCqp(nt) 

EPuF (NT) ■ C OP ( NT ) 

1 08 CONTINUE 

E PP T > FEPP/f PUF ( NT ) 

R P T » ( l * ♦ l » /C OP ( N T I )*FRAp(nq)/«REJ*nT) 

WT(N T ) . EPPT*RPT *FWT ( NT I 

PRITE(4,42) TRO(NT) .VKTINT) , C0P(NT ) ,CC0P(NT) .ePPT.rpT.FBT (NT) , 

1 EPUF(NT) 

8m CONTINUE C-12 

NTEMP « NT 



TABLE C-2 CONTINUED 


. / 2 * 
T73* 
17 *4* 
175* 

17 6* 
177* 
178* 
179* 
180 * 

18 I* 
18 2* 
l 8 3* 
18 9* 

1 85* 
18 6* 

end Of 


29(3 CONTINUE 

IF(NTEMP)90,90,92 
92 CONTINUE 

C D«*W CURVE FOR FRAPlNOl AND SY$TEM(NS) 

call plot i v ( i , 1 ,troi i i , wtt l ) » nTemp, j ,s*m< nsvh» i 
nsym ■ nsthm 

I F ( Nsym* I 6 ) 90,90,91 

9 i NSYM a | 

9 0 CONTINUE 
«6 CONTINUE 
SO To 1 6 | 

S WR ! ?£ ( 6 » 69 } 

6 COF'INUE 
STOP 
END 

UNlV A C 1108 FORTRAN V COMPILATION, 0 ‘DIAGNOSTIC* m EsS*GEIS> 
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APPENDIX D 

REFRIGERATION SYSTEMS SPECIFIC 
WEIGHT COMPARISON 


This section presents the specific weight data generated in this study. 
Conventional radiator specific weights are presented in Table D-l. The specific 
weights for the 5 refrigeration systems described in Section 4.0 are presented 
on pages D-4 through D-124. The computer routine discussed in Appendix. C was 
used in calculating these results. The results are presented as specific 
weight as a function of radiator (i.e., condenser) temperature for various values 
of evaporator temperature (TEVAP), radiation sink temperature (TSINK), Power 
Penalty (FEPP), and radiator area penalty (FRAP). The waste-heat utilization 
penalty (FTHER) is zero in all cases presented. 



TABLE D-l- 

CQNVENTIONAL RADIATOR SYSTEM TOTAL WEIGHT 

WT = FWT + (FRAP/QREJ) 

WT = 8.5 lb/KW +( FRAP/QREJ ) 


TSINK = Q°F 


TEVAP* 

SPECIFIC 

SYSTEM WEIGHT 

WT (lb/KW) 

°F 

FRAP = .1 

FRAP = . 6 

FRAP =1.0 

4o 

20.8 ** 

82.3 ** 

131.5 ** 

45 

19.4 

73.9 

117.5 

50 

18.2 

66 . 5 

105.2 

65 

15.6 

50.9 

79.3 

TSINK = 

20°F 



l+o 

32.0 

149-5 

243.5 

1+5 

27.0 

119.5 

193.5 

50 

23.7 

99.6 

160.5 

65 

18.2 

66.6 

105.3 

TSINK = 

-15.9°F 



1+0 

17.9 

64 . 6 

102.1 

1+5 

17.0 

59.2 

93.1 

50 

15.6 

54.8 

85.6 

65 

14.5 

44.3 

68.2 


TEVAP is the mean of the inlet and outlet temperatures 
of the heat exchanger and is to he equal to the effec- 
tive radiator temperature. 


**Plotted in Figure 5-6, with Q^ E j = 0.008 KW/ft^ 






TOTAL SYCTEM WEIGHT - LB/KW 



TEVAP = 35 F 

TSINK = -78 F 

FEPP " 300LB/KV 


FRAP i 
FTHER = 


.6LB/FT 2 

olb/kw t 



RADIATOR TEMPERATURE - DEG F 

PACK 1 1 . 


d-6 



TOTAL SY r ~7M WEIGHT - LB/KW 



TEVAP = 35 F 

TSINK = -78 F FRAP = l LB/FT^ 




25 

75 


125 

175 

225 

275 





RADIATOR 

TEMPERATURE - DEG F 


PA GK 1*. 
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TOTAL SYS T FM WEIGHT - IB/KW 


TEVAP = 
TSINK = 
FEPP = 


35 F 
-78 F 
300LB/KW 


FRAP = i^LB/FT 2 

FTHER = olb/kw t 



0 ■ 1 1 1 I l I I I 1 1— 

2S 15 125 115 225 215 


RADIATOR TEMPERATURE - DEG F 

PACE 19. 
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TOTAL SY$** m WEIGHT - IB/KW 




TEVAP = 35 F , 
TSINK = -78 F FRAP = 2 LB/FT* 
FEPP = 300LB/KW FTHER = OLB/KWj 



RADIATOR TEMPERATURE - DEG F 

PACK 20. 
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TOTAL SYSTEM WEIGHT 





TOTAL Sv<STEM WEIGHT 








TEVAP = 35 F -> 
TSINK = -78 F FRAP = 1 LB/FT^ 
FEPP = 500LB/KW FTHER = OLB/KV T 



RADIATOR TEMPERATURE - DEG F 

PAGE 23. 
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II 



TEVAP = 

35 F 



TSINK = 

-78 F 

FRAP = 

1.5LB/FT 

FEPP = 

500LB/KW 

FTHER = 

OLB/KW 
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TEVAP = 35 F - 
TSINK = -78 F FRAP = 2 LB/FT^ 
FEPP = 500LB/KH FTHER = 0 LB/KW T 



*5 7S 125 175 225 275 

RADIATOR TEMPERATURE - DEG F 


PAGE 25. 
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TOTAL SYS T »-M WEIGHT - LB/KW 




TEVAP = 35 F 

TSINK = -78 F FRAP = . I LB/FT^ 

FEPP = 700 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PACK 26. 
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II 


TEVAP = 35 F 

TSINK = -78 F FRAP = ,6LB/FT^ 

FEPP = 700LB/KW FTHER = OLB/KW-,. 



RADIATOR TEMPERATURE - DEG F 

PACE 27. 


d-i6 


TOTAL SYSTEM WEI6HT 








TOTAL SYSTEM WEIGHT - IB/KW 
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- DEG F 
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TOTAL SYSTEM WEIGHT - LB/KW 


•19 



TOTAL SYSTEM WEI T - LB/KW 




TEVAP = 35 F _ 
TSINK = OF FRAP = . 1 L.B/FT^ 
FEPP = 300 LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEC F 

PAGE 31. 
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TOTAL SYSTEM WElu.iT - LB/KW 
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TOTAL SYSTEM WE r ’T - LB/KW 


III 


TEVAP = 35 F -> 
TSINK = OF FRAP = l LB/FT z 
FEPP = 300 LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 33. 
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TOTAL SYSTEM WE T - LB/KW 




TEVAP = 

35 F 



TSINK = 

0 F 

FRAP = 

1.5 lb/ft 

FEPP = 

300 LB/KW 

FTHER = 

0 LB/KW 
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TOTAL SYSTEM WE’ 'T - LB/KW 



TEVAP = 35 F _ 
TSINK = 0 F FRAP = 2LB/FT Z 
FEPP = 300 LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 35. 
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TOTAL SYSTEM WEI' T - IB/KW 




TEVAP = 35 F . 
TSINK = OF FRAP = . I LB/FT^ 
FEPP = 500LB/KW FTHER = OLB/KWy 
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TOTAL SYSTEM WEI r ' - LB/KW 


III 


TEVAP = 35 F , 
TSINK = 0 F FRAP = .6LB/FT Z 
FEPP = 500 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE 37. 
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TOTAL SYSTEM WEI * - IB/KW 



TEVAP = 35 F 

TSINK = OF FRAP = I LB/FT Z 

FEPP = 500LB/KW FTHER = OLB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE 3(». 
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TOTAL SYSTEM WE! T - LB/KW 



75 125 175 225 275 

RADIATOR TEMPERATURE - DEG F 


PAGE 39. 
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TEVAP = 35 F 

TSINK = OF 

FEPP = 500LB/KW 
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TOTAL SYSTEM WE T - IB/KW 


I 


TEVAP = 
TSINK = 

35 F 
0 F 


FRAP = 

. 1 LB/FT 2 

FEPP = 

700LB/KW 


FTHER = 

olb/kw t 
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TOTAL SYSTEM WEI T - LB/KW 
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TOTAL SYSTEM WET T - LB/KW 


D-32 


FRAP = 1 LB/FT 2 

FTHER = 0LB/KW t 



175 


225 


275 


- DEG F 


PAGE 43. 


TOTAL SYSTEM WEk . - LB/KW 



TEVAP = 35 F 

TSINK = OF FRAP = l.^LB/FT^ 

FEPP = 700 LB/KW FTHER = 0 LB/KW-j- 



RADIATOR TEMPERATURE - DEG F 

PACK 44. 
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TOTAL SYSTEM WEI' T - LB/KW 


I 


TEVAP = 35 F 

TSINK = OF FRAP = 2LB/FT Z 

FEPP = 700 LB/KW FTHER = 0 LB/KW T 



D-3U 
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TOTAL SYSTEM WE f T - L8/KW 


75 


125 
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TOTAL SYSTEM WE 1 ~. 1 T - IB/KW 



TEVAP = 35 F , 
TSINK = 20 F FRAP = .6LB/FT^ 
FEPP = 300LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 47. 
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TOTAL SYSTEM WE' T - IB/KW 




TEVAP = 

35 F 



TSINK = 

20 F 

FRAP = 

1 LB/FT 

FEPP = 

300LB/KW 

FTHER = 

OLB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE 4H. 
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TOTAL SYSTEM WET T - IB/KW 


l 

i 


TEVAP = 35 F . 
TSINK = 20 F FRAP = 1. 5LB/FT^ 
FEPP = 300LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 49. 
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TOTAL SYSTEM WEI^T - LB/KW 



RADIATOR TEMPERATURE - DEG F 

PACK 50. 
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TOTAL SYSTEM WEI - LB/KW 



TEVAP = 

35 F 



TSINK = 

20 F 

FRAP = 

. 1 LB/FT 

FEPP = 

500 LB/KW 

FTHER = 

0 LB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE 51 . 
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TOTAL SYSTEM WEt *' - LB/KW 




TEVAP = 

35 F 




TSINK = 

20 F 


FRAP = 

. 6 LB/FT^ 

FEPP = 

500 LB/KW 


FTHER = 

olb/kw t 



RADIATOR TEMPERATURE - DEG F 

paw: 52. 
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TOTAL SYSTEM WEI - LB/KW 


♦i 


in 


TEVAP = 

35 F 




TSINK = 

20 F 


FRAP = 

1 LB/FT 

FEPP = 

500 LB/KW 


FTHER = 

0 LB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE 53 . 
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TOTAL SYSTEM WE! T - LB/KW 
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TOTAL SYSTEM WET T - LB/KW 


III 


TEVAP = 35 F , 
TSINK = 20 F FRAP = 2LB/FT Z 
FEPP = 500 LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 


D-UU 
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TOTAL SYSTEM WEI * - LB/KW 




TEVAP = 35 F , 
TSINK = 20 F FRAP = . I LB/FT^ 
FEPP = 700 LB/KW FTHER = 0LB/KW T 



D-45 


PAGE 56. 




total system WEI ; - LB/KW 



TEVAP = 35 F 

TSINK = 20 F FRAP = .SLB/FT^ 

FEPP = 700 LB/KW FTHER = 0 LB/KW T 



RAOIATOR TEMPERATURE - DEG F 

PAGE 57. 


D-l+6 



25 


75 


PACK 5* 



TOTAL SYSTEM WEI r - LB/KW 




TEVAP = 35 F , 
TSINK = 20 F FRAP = 1.5LB/FT Z 
FEPP = 700 LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 59. 


D-48 


TOTAL SYSTEM WET 


2 LB/FT" 
OIB/KW, 







TOTAL SYSTEM WE 








TOTAL SYSTEM WEr-'T - LB/KW 


II 


TEVAP = 35 F 

TSINK = 100 F FRAP = . S LB/FT^ 

FEPP = 300 LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 

PACK 77. 


D-51 



TOTAL SYSTEM WEIl . - IB/KW 




TEVAP = 35 F - 
TSINK = 100 F FRAP = 1 LB/FT^ 
FEPP = 300LB/KW FTHER = 0LB/KW T 



D-52 



TOTAL SYSTEM WEI - LB/KW 



TEVAP = 35 F 

TSINK = 100 F FRAP = 1.5LB/FT Z 

FEPP = 300 LB/KW FTHER = OLB/KWy 




TOTAL SYSTEM WET * - LB/KW 


TEVAP = 35 F 

TSINK = 100 F FRAP = 2 LB/FT^ 

FEPP = 300 LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 


D-5L 


PAGE 80. 


TOTAL SYSTEM WEI 7 - LB/KW 




RADIATOR TEMPERATURE - DEG F 

PAGE PI . 


D-55 






TEVAP = 35 F , 
TSINK = 100 F FRAP = .6LB/FT^ 
FEPP = 500LB/KW FTHER = 0 LB/KWy 



D-56 


PAGE 82. 



TOTAL SYSTEM WE! T - LB/KW 




TEVAP = 35 F 

TSINK = 100 F FRAP = 1 LB/FT^ 

FEPP = 500 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE 83 . 


D-5T 


TOTAL SYSTEM WE’ T - LB/KW 


TEVAP = 
TSINK = 
FEPP = 


35 F 
100 F 
500 LB/KW 



25 75 125 

RADIATOR TEMPERA' 


D-5f 


FRAP = 1.5LB/FT 2 

FTHER = 0LB/KW T 



175 225 275 


- DEG F 


PAGE 64. 



TOTAL SYSTEM WEI T - IB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE as. 



D-59 




TOTAL SYSTEM WEI r T - LB/KW 


*1 


TEVAP = 

35 F 



TSINK = 

100 F 

FRAP = 

. 1 LB/FT^ 

FEPP = 

700 LB/KW 

FTHER = 

olb/kw t 



RADIATOR TEMPERATURE - DEG F 

PAGE 86. 


D-60 


TOTAL SYSTEM WET * - LB/KW 


V 


II 


TEVAP = 35 F - 
TSINK = 100 F FRAP = . 6 LB/FT^ 
FEPP = 700 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

pack e7. 


D-6l 




TOTAL SYSTEM WEI f - LB/KW 



TEVAP = 35 F - 
TSINK = 100 F FRAP = I LB/FT ^ 
FEPP = 700 LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

page ee. 


D-62 



TOTAL SYSTEM WET T - IB/KW 



TEVAP = 35 F 

TSINK = 100 F FRAP = 1.5LB/FT Z 

FEPP = 700LB/KW FTHER = 0 LB/KW-j- 



RADIATOR TEMPERATURE - DEG F 

PACK K9. 


D-63 



total system we. r - lb/kw 


» 




TEVAP = 

35 F 



TSINK = 

100 F 

FRAP = 

2LB/FT 

FEPP = 

700 LB/KW 

FTHER = 

0 LB/KW 



RADIATOR TEMPERATURE - DE6 F 

PAGE 90. 


D -6k 


TOTAL SYSTEM WEIGHT - L8/KW 



TEVAP = 45 F 

TSINK = -78 F FRAP = . I LB/FT Z 

FEPP = 300LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 


D-65 


PAGE 76. 



TOTAL SYSTEM WEIGHT - IB/KW 



TEVAP = 45 F 

TSINK = -78 F FRAP = . 6 LB/FT^ 

FEPP = 300LB/KW FTHER = 0LB/KW T 



RADIATOR TEMPERATURE - DEG F 

\ PACK 77. 


D-66 



TOTAL SYf'-H WEIGHT - LB/KW 



TOTAL SYF’EM WEIGHT - LB/KW 



TEVAP = 45 F 

TSINK = -78 F FRAP = l^LB/FT^ 

FEPP = 300 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

RACK 19. 


D-68 



TOTAL SV~EM WEIGHT 








TOTAL SYSTEM WEIGHT - LB/KW 


TEVAP = 45 F 

TSINK = -78 F FRAP = . ILB/FT^ 

FEPP = 500 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG . F 

PACK PI. 


D-TO 



TOTAL SYSTEM WEIGHT - LB/KW 



TEVAP = 45 F -> 
TSINK = -78 F FRAP = .6 LB/FT^ 
FEPP = 500 LB/KW FTHER = 0LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE M. 


D-71 


TOTAL SY^EM WEIGHT - IB/KW 


TEVAP = 45 F 

TSINK = -78 F 

FEPP = 500LB/KW 


FRAP = I LB/FT 2 

FTHER = olb/kw t 



RADIATOR TEMPERATURE - DEG F 

p .v>: pj 


D-72 


TOTAL SYS TC M WEIGHT - LB/KW 



TEVAP = 45 F - 
TSINK = -78 F FRAP = 1.5L8/FT^ 
FEPP = 500 LB/KW FTHER = 0LB/KW T 



RADIATOR TEMPERATURE - OEG F 

PAGE M. 


D-73 




TEVAP = 45 F 

TSINK = -78 F 

FEPP = 500LB/KW 


FRAP = 2LB/FT 2 

FTHER = OLB/KW ? 



d-?4 


PAGF H5. 





TEVAP = 45 F , 
TSINK = -78 F FRAP = . I LB/FT^ 
FEPP = 700LB/KW FTHER = OLB/KW T 



RADIATOR TEMPERATURE - 0E6 F 

PACK *6. 


D-75 


TOTAL SV^EM WEIGHT - LB/KW 



TEVAP = 45 F 

TSINK = -78 F FRAP = .6LB/FT^ 

FEPP = 700 LB/KW FTHER = OLB/KWj 



RADIATOR TEMPERATURE - DEG F 

MGF. t*7. 


D-T 6 




TOTAL SYSTEM WEIGHT - LB/KW 


D-77 


FRAP = I LB/FT 2 

FTHER = 0LB/KW t 




TOTAL SY c T£M WEIGHT - LB/KW 


TEVAP = 45 F 

TSINK = -78 F FRAP = 1.5LB/FT^ 

FEPP = 700 LB/KW FTHER = 0LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PACK P9. 


D-78 




TOTAL SY«***M WEIGHT - IB/KW 


\ 

TEVAP = 45 F 

TSINK = -78 F FRAP = 2 LB/FT^ 



RADIATOR TEMPERATURE - DEG F 

PACE 90. 


D-79 



TOTAL SYSTEM WET T - LB/KW 



TEVAP = 45 F _ 
TSINK = OF FRAP = . I LB/FT Z 
FEPP = 300 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PACE 211. 


D-80 



TOTAL SYSTEM WE r T - LB/KW 



RADIATOR 


FRAP = . 6 LB/FT 2 

FTHER = 0LB/KW t 








TOTAL SYSTEM WE’ T - LB/KW 




TEVAP = 

45 F 



TSINK = 

0 F 

FRAP = 

1 LB/FT 

FEPP = 

300 LB/KW 

FTHER = 

0 LB/KW 



RADIATOR TEMPERATURE - DEG F 


PAGE 213. 


D-82 









TOTAL SYSTEM WEI - LB/KW 




TEVAP = 

45 F 



TSINK = 

0 F 

FRAP = 

2 LB/FT 

FEPP = 

300 LB/KW 

FTHER = 

0 LB/KW 



D-84 


TOTAL SYSTEM WEU - LB/KW 



TEVAP = 45 F 

TSINK = 0 F FRAP = . 1 LB/FT^ 

FEPP = 500 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE 216. 


D-85 


TOTAL SYSTEM WE If - LB/KW 



TEVAP = 45 F 

TSINK = OF FRAP = . 6 LB/FT^ 

FEPP = 500 LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 217. 


D-86 



TOTAL SYSTEM WEI * - IB/KW 


■» 



TEVAP = 

45 F 



TSINK = 

0 F 

FRAP = 

1 LB/FT 

FEPP = 

500LB/KW 

FTHER = 

OLB/KW 



RADIATOR TEMPERATURE - DEG F 


D-87 


pack zia. 




TOTAL SYSTEM WEI f - LB/KW 


25 


75 


125 

RADIATOR 


D-88 




TOTAL SYSTEM WE. .T - LB/KW 



TEVAP = 45 F -> 
TSINK = OF FRAP = 2 LB/FT Z 
FEPP = 500 LB/KW FTHER = 0LB/KW-,- 



RADIATOR TEMPERATURE - DE6 F 


D-89 


PAGE 220. 




TOTAL SYSTEM WET 'T - LB/KW 


81 

TEVAP = 45 F 

TSINK = OF FRAP = . I LB/FT^ 



RADIATOR TEMPERATURE - DEG F 

PACK 221, 


D-90 



TOTAL SYSTEM WEI - LB/KW 






TEVAP = 
TSINK = 

45 F 
0 F 

FRAP = 

. 6 LB/FT 2 

FEPP = 

700 LB/KW 

FTHER = 

olb/kw t 



RADIATOR TEMPERATURE - DEG F 

PAGE 222. 


D-91 






TEVAP = 
TSINK = 

45 F 
0 F 

FRAP = 

1 LB/FT 2 

FEPP = 

700LB/KW 

FTHER = 

olb/kw t 



n n n n n- n n n n n r. 

■ n- n-n..n ■ft. r» n -n ■ 


D-92 





TOTAL SYSTEM WE IT - LB/KW 




TEVAP = 45 F 

TSINK = 0 F FRAP = 1.5LB/FT^ 

f EPP = 700 LB/KW FTHER = OLB/KWy 



RADIATOR TEMPERATURE - DEG F 

PACK 224. 


D-93 






TEVAP = 
TSINK = 

45 F 
0 F 

FRAP = 

2 LB/FT 2 

FEPP = 

700LB/KW 

FTHER = 

olb/kw t 


O 






D-9^ 


PAGE 225. 




TOTAL SYSTEM WEIbnF - LB/KW 


III 

FRAP = . I LB/FT 2 

FTHER = 0LB/KW t 


TEVAP = 45 F 

TSINK = 20 F 

FEPP = 300 LB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE 226. 


D-95 



TOTAL SYSTEM WE' T - LB/KW 



TEVAP = 45 F , 
TSINK = 20 F FRAP = .SLB/FT^ 
FEPP = 300 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PMJK 227. 


D -96 


TOTAL SYSTEM WE T - LB/KW 



TEVAP = 45 F 

TSINK = 20 F FRAP = 1 LB/FT Z 

FEPP = 300 LB/KW FTHER = 0LB/KW-,- 



RADIATOR TEMPERATURE - DEG F 

PAGE 22H. 


D-9T 



*’» 


TEVAP = 45 F - 
TSINK = 20 F FRAP = 1.5LB/FT Z 
FEPP = 300 LB/Ktf FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PACK 229. 


D-98 


TOTAL SYSTEM WEI - IB/KW 



TEVAP = 45 F 

TSINK = 20 F FRAP = 2 LB/FT^ 

FEPP = 300LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DE6 F 

PACE 230 . 


D-99 



TOTAL SYSTEM WEK - IB/KW 



TEVAP = 45 F 

TSINK = 20 F FRAP = . 1 LB/FT^ 

FEPP = 500LB/KW FTHER = OLB/Ktf-,- 



RADIATOR TEMPERATURE - DEG F 

PAGE 231 . 


D-100 



total SYSTEM WEir - - LB/KW 




TEVAP = 

45 F 



TSINK = 

20 F 

FRAP = 

.6 LB/FT 

FEPP = 

500 LB/KW 

FTHER = 

0 LB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE 232. 


D-101 



TOTAL SYSTEM WEI - IB/KW 


D-102 




TOTAL SYSTEM WEI • - LB/KW 


D-103 




TEVAP = 45 F 

TSINK = 20 F FRAP = 2 LB/FT^ 

FEPP = 500LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PACK 235. 


D-10U 




TOTAL SYSTEM WEI ’ - LB/KW 




TEVAP = 45 F - 
TSINK = 20 F FRAP = . I LB/FT^ 
FEPP = 700 LB/KW FTHER = 0LB/KW T 



D-105 



TOTAL SYSTEM WET ' - IB/KW 


D-106 


TOTAL SYSTEM WEI( , - LB/KW 




TEVAP = 45 F 

TSINK = 20 F FRAP = 1 LB/FT^ 

FEPP = 700 LB/KW FTHER = 0LB/KW-,- 



RADIATOR TEMPERATURE - DEG F 

PAGE 236. 


D-107 


TOTAL SYSTEM WE It... - LB/KW 




TEVAP = 45 F 

TSINK = 20 F FRAP = 1.5 LB/FT 2 

FEPP = 700 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE 219. 


D-108 



TOTAL SYSTEM WEI T - LB/KW 


D-109 


PAGE 240. 










TOTAL SYSTEM WEU..T - LB/KW 



TEVAP = 45 F - 
TSINK = 100 F FRAP = .6LB/FT^ 
FEPP = 300 LB/KW FTNER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 257. 


D-lll 


TOTAL SYSTEM WEI i - LB/KW 




TEVAP = 
TSINK = 

45 F 
100 F 

FRAP = 

l LB/FT 2 

FEPP = 

300 LB/KW 

FTHER = 

olb/kw t 







RADIATOR TEMPERATURE - DEG F 

P4G£ 258. 


D-112 


TOTAL SYSTEM WEI<* T - LB/KW 




TEVAP = 45 F - 
TSINK = 100 F FRAP = 1.5LB/FT^ 
FEPP = 300 LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DE6 F 

PACE 259. 


D-113 


TOTAL SYSTEM WEIL - LB/KW 




TEVAP = 45 F 

TSINK = 100 F FRAP = 2 LB/FT^ 

FEPP = 300 LB/KW FTHER = 0 LB/KW-j- 



RADIATOR TEMPERATURE - DEG F 

PACK 260. 


d-ii4 



TOTAL SYSTEM WEIGHT - IB/KW 



TEVAP = 45 F _ 
TSINK = 100 F FRAP = . 1 LB/FT^ 
FEPP = 500LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PACE 261. 


D-115 



TEVAP = 
TSINK = 

45 F 
100 F 

FRAP = 

.6LB/FT 2 

FEPP = 

500LB/KW 

FTHER = 

olb/kw t 







RADIATOR TEMPERATURE - DEG F 

PACE 262. 


D-116 



TOTAL SYSTEM WE - T - LB/KW 



TEVAP = 45 F , 
TSINK = 100 F FRAP = l LB/FT^ 
FEPP = 500 LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PACK 263. 


D-H7 


TOTAL SYSTEM WEi T - LB/KW 



TEVAP = 45 F . 
TSINK = 100 F FRAP = 1.5LB/FT^ 
FEPP = 500 LB/KW FTHER = 0 LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PAGE 264. 


D-118 



TOTAL SYSTEM WET T - LB/KW 





RADIATOR TEMPERATURE - DE6 F 

PVJE 265. 


D-119 





TOTAL SYSTEM WEI ( - IB/KW 


i 



TEVAP = 45 F _ 
TSINK = 100 F FRAP = . 1 LB/FT^ 
FEPP = 700LB/KW FTHER = 0 LB/KWy 



RADIATOR TEMPERATURE - DEG F 

PAGE 266. 


D-120 


TOTAL SYSTEM WEI( - IB/KW 




TEVAP = 

45 F 


*> 

TSINK = 

100 F 

FRAP = 

. 6 LB/FT^ 

FEPP = 

700LB/KW 

FTHER = 

olb/kw t 



RADIATOR TEMPERATURE - DEG F 

PAGE 267. 


D-121 


TOTAL SYSTEM WE If - LB/KW 



TEVAP = 

45 F 



TSINK = 

100 F 

FRAP = 

l LB/FT 

FEPP = 

700 LB/KW 

FTHER = 

0 LB/KW 



RADIATOR TEMPERATURE - DEG F 

PAGE 26H. 


D-122 



total SYSTEM WEk - LB/KW 




TEVAP = 45 F , 
TSINK = 100 F FRAP = 1.5LB/FT Z 
FEPP = 700 LB/KW FTHER = 0LB/KW T 



RADIATOR TEMPERATURE - DEG F 

PACE 269 . 


D-123 



TOTAL SYSTEM WEIbHT 







